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— 7 Read this Section First!

Introduction to the Examkrackers Manuals

|

The Examkrackers books are designed to give you exactly the information you
need to do well on the MCAT® while limiting extraneous information that will
not be tested. This manual organizes all of the information on molecular biology
tested on the MCAT®™ conceptually. Concepts make the content both simple and
portable for optimal application to MCAT® questions. Mastery of the biological
and biomolecular material covered in this manual will increase your confidence
and allow you to succeed with seemingly difficult passages that are designed to
intimidate. The MCAT®™ rewards your ability to read complex passages and ques-
tions through the lens of basic science concepts.

An in-depth introduction to the MCAT® is located in the Reasoning Skills
manual. Read this introduction first to start thinking like the MCAT® and to
learn critical mathematical skills. The second lecture of the Reasoning Skills man-
ual addresses the research methods needed for success on 50% of questions on the
science sections of the MCAT™. Once you have read those lectures, return to this
manual to begin your study of the biology you will need to excel on the MCAT®.

How to Use This Manual

Examkrackers MCAT® preparation experience has shown that you will get the
most out of these manuals when you structure your studying as follows. Read each
lecture three times: twice before the class lecture, and once immediately following
the lecture. During the first reading, you should not write in the book. Instead,
read purely for enjoyment. During the second reading, highlight and take notes
in the margins. The third reading should be slow and thorough. Complete the
twenty-four questions in each lecture during the second reading before coming to
class. The in-class exams in the back of the manual are intended to be completed
in class. Do not look at them before class.

Warning: Just attending the class will not raise your score. You must
do the work. Not attending class will obstruct dramatic score increases.

If you are studying independently, read the lecture twice before taking the in-
class exam and complete the in-lecture questions during the second reading. Then
read the lecture once more after the in-class exam.

The thirty minute exams are designed to educate. They are similar to an
MCAT® section, but are shortened and have most of the easy questions removed.
We believe that you can answer most of the easy questions without too much help
from us, so the best way to raise your score is to focus on the more difficult ques-
tions. This method is one of the reasons for the rapid and celebrated success of the
Examkrackers prep course and products.

A scaled score conversion chart for the in-class exams is provided on the answer
page, but it is not meant to be an accurate representation of your score. Do not be
discouraged by poor performance on these exams; they are not meant to predict
your performance on the real MCATY. The questions that you get wrong or
even guess correctly are most important. They represent your potential
score increase. When you get a question wrong or have to guess, deter-
mine why and target these areas to improve your score.

In order to study most efficiently, it is essential to know what topics are and
are not tested directly in MCAT® questions. This manual uses the following con-
ventions to make the distinction. Any topic listed in the AAMC’s guide to the
n MCAT? is printed in red, bold type. You must thoroughly understand all topics

printed in red, bold type. Any formula that must be memorized is also printed
in red, bold type.

Vil
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If a topic is not printed in bold and red, it may still be important. Understand-
ing these topics may be helpful for putting other terms in context. Topics and
equations that are not explicitly tested but are still useful to know are printed in
italics. Knowledge of content printed in italics will enhance your ability to answer
passage-based MCAT™ questions, as MCAT" passages may cover topics beyond
the AAMC’s list of tested topics on the MCAT™.

Features of the Examkrackers Manuals

The Examkrackers books include several features to help you retain and integrate
information for the MCAT™. Take advantage of these features to get the most out
of your study time.

* The 3 Keys — The keys unlock the material and the MCAT®. Each lecture
begins with 3 keys that organize by highlighting the most important things
to remember from each chapter. Examine the 3 Keys before and after reading
each lecture to make sure you have absorbed the most important messages.
As you read, continue to develop your own key concepts that will guide your
studying and performance.

* Signposts — The new MCAT" is fully integrated, asking you to apply
the biological, physical, and social sciences simultaneously. The signposts
alongside the text in this manual will help you build mental connections
between topics and disciplines. This mental map will lead you to a high score
on the MCAT™. The post of each sign "brackets" the paragraph to which
it refers. When you see a signpost next to a topic, stop and consider how
the topics are related. Soon you will begin making your own connections
between concepts and topics within and between disciplines. This is an
‘ MCAT™ skill that will improve your score. When answering questions, these
’ connections give you multiple routes to find your way to the answer.
\

* MCAT" Think sidebars invite deeper consideration of certain topics. They
provide helpful context for topics that are tested and will challenge you just
like tough MCAT® passages. While MCAT®™ Think topics and their level
of detail may not be explicitly tested on the MCAT?, read and consider
each MCAT® Think to sharpen your MCAT™ skills. These sidebars provide
essential practice in managing seemingly complex and unfamiliar content, as
you will need to do for passages on MCAT™ day.

Text written in purple is me, Salty the Kracker. | will remind you what is and

is not an absolute must for the MCAT®. | will help you develop your MCAT®
intuition. | will offer mnemonics, simple methods of viewing a complex concept,
and occasionally some comic relief. Don’t ignore me, even if you think | am not
funny, because my comedy is designed to help you understand and remember. If
you think | am funny, tell the boss. | could use a raise.

Additional Resources

If you find yourself struggling with the science or just needing more practice,
take advantage of the additional Examkrackers resources that are available. Exam-
krackers offers a 9-week Comprehensive MCAT®™ Course to help you achieve a
high score on the MCAT®, including 66 hours with expert instructors, unique
course format, and regular full-length MCAT® exams. Each class includes lec-
ture, a practice exam, and review, designed to help you develop essential MCAT*
skills. For locations and registration please visit Examkrackers.com or call

1-888-KR ACKEM.
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Study with Examirackers MCAT Books
H you have questions 350wt tho probiecs i the Esamkrackers CODES. ask them here Ous MCAT experts wif answer yous Guestions shonly 7o POSt @ Question sengdy choose ine subiect of which you v & question ahou.

Your purchase of this book new will also give you access to the Examkrackers
Forums at www.examkrackers.com/mcat/forum. These bulletin boards allows
you to discuss any question in the book with an MCAT™ expert at Examkrackers.
All discussions are kept on file so you can refer back to previous discussions on any
question in this book. Once you have purchased the books you can take advantage
of this resource by calling 1-888-KR ACKEM to register for the forums.

Although we make every effort to ensure the accuracy of our books, the occa-
sional error does occur. Corrections are posted on the Examkrackers Books Errata
Forum, also at www.examkrackers.com/mcat/forum. If you believe that you have
found a mistake, please post an inquiry on the Study with Examkrackers MCAT
Books Forum, which is likewise found at www.examkrackers.com/mcat/forum.
As the leaders in MCAT" preparation, we are committed to providing you with
the most up-to-date, accurate information possible.

Study diligently, trust this book to guide you, and you will reach your MCAT*
goals.
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BIOLOGICAL SCIENCES

DIRECTIONS. Most questions in the Biological Sciences test are
organized into groups, each preceded by a descriptive passage.
After studying the passage, select the one best answer to each
question in the group. Some questions are not based on a
descriptive passage and are also independent of each other. You
must also select the one best answer to these questions. If you are
not certain of an answer, eliminate the alternatives that you know
to be incorrect and then select an answer from the remaining
alternatives. A periodic table is provided for your use. You may
consult it whenever you wish.

PERIODIC TABLE OF THE ELEMENTS

1 2
H He
10| \ 4.0
3 | 4 ‘ BE | 6 ¥ ‘ 8 | o \ 10
Li Be | B C N (0] F | Ne
69 | 90 | 10.8 | 12.0 | 14.0 | 16.0 | 19.0 ] 20.2
1 | 12 13| 14| 15 | 16 | 17 |18
Na | Mg \ ; Al | Si P ‘ S Cl | Ar
1230 | 24.3 | _ 7 _ - - ) | 27.0 | 28.1 | 31.0 | 32.1 | 355 | 39.9
19| 20| 21| 22| 23| 24 | 25| 26 | 27 | 28 | 29 | 30 | 31 | 32 | 33 | 34 | 35 | 36

K| Ca| Sc | Ti \"/ Cr Mn Fe Co Ni | Cu 2Zn | Ga Ge\As Se  Br Kr
.39'1.4,0:1_45'0.47'9‘50'9 52.0 549 55.8.58.9'58.7 635 654 69.7 726 749 79.0 799 838

37 | 38 39 40 | 41 | 42 | 43 | 44 | 45 | 46 | 47 | 48 | 49 51 52 | 53 | 54
Rb  Sr Zr Nb Mo Tc Ru Rh | Pd Ag Cd  In Sn ’ I | Xe
| 85.5 | 87.6 | 88.9 ’ 91.2 | 92.9 | 959 | (98) |101.1 102.9|106.4| 107 1079|1124‘1148 118.7 1218 127.6126.9/131.3
55 | 56 | 57 | 72| 73| 74 | 75 76 77 | 78 | 79 | 80 | 81 | 82 85 | 86
Cs Ba La* Hf Ta W Re Os |Ir Pt Au|  Hg Tl | Pb B| Po‘ At | Rn
1132.9137.3 138.9 | 178.5 180.9|183.9 | 186.2 | 190.2 | 192.2 | 195.1]197.0 | 200.6 | 204.4 | 207.2|209.0 | (209) | (210) | (222) |

87 | 88 | 89 104 105 | 106 | 107 108 | 109

Fr Ra Ac Unq Unp Unh Uns Uno Une
‘ | (223) |226.0 227.0 | (261) | (262) | (263) | (262) | (265) | (267)

58 | 50 | 60 | 61 | 62 | 63 | 64 | 65 | 66 69 | 70 | 71

67 68
* Ce Pr Nd Pm Sm | Eu Gd Tb Dy  Ho Er Tm | Yb  Lu
1401 |140.9 1442 | (145) 1504 |152.0 |157.3 |158.9 |162.5 |1649 |167.3 1689 |173.0 1750

9 | 91 | 92 | 93 | 94 | 95 | 96 | 97 | 98 | 99

- Th Pa U Np Pu Am Cm Bk Cf Es
2320 | (231) |238.0 | (237) | (244) | (243) | (247) | (247) | (251) | (252)

100 | 101 | 102 | 103
Fm Md | No Lr
(257) | (258) | (259) | (260) |

For your convenience, a periodic table is also inserted in the back of the book.
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—j Biological Molecules
- and Enzymes

1.1 Introduction

. 1.2 Water
11 | Introduction 1.3 Lipids
This lecture discusses the structure and basic functions of the major chemical 1.4 Carbohydrates
components of living cells and their surroundings. Most biological molecules can 1.5 Nucleotides
be classified as lipids, proteins, carbohydrates, or nucleotide derivatives. Each of 1.6 Amino Acids and Proteins

these types of molecules possesses a carbon skeleton. Together with water and
minerals, they form living cells and their environments. The functions of these
biological molecules can be understood by considering the match between the

1.7 Minerals
1.8 Features of Enzymes

ways they are employed and each of their unique features. Knowledge of these 1.9 Enzyme Regulation
biological molecules and their roles in the cellular environment provides a strong 1.10 Enzyme Classification
base from which to understand the biology and biochemistry required for the

MCAT™. THE 3 KEYS

1. Each category of
biological molecule has
a "personality" - think
structure and polarity -
that matches its practical
uses in living organisms.

Lipid: phospholipid Protein: collagen Carbohydrate: amylose

2. Enzyme-substrate fit
correlates with enzyme
effectiveness and a lower
Aot

3. Competitive inhibitors
block the active site;
noncompetitive inhibitors
bind to a separate site,
changing the shape of the
active site; uncompetitve
inhibitors bind the
enzyme-substrate
complex, decreasing

the concentration of
substrate that can react.

B 1
g
v Tuw.hamkrackers.com Yo
0.';
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When you think about water, think
polarity. The polarity of water is
what makes it a perfect solvent
for chemical reactions in the body.
As you read this lecture, consider
how the polar and nonpolar regions
of biological molecules affect their
interactions with water. Due to
polarity and hydrogen bonding,
water molecules pull apart polar
molecules or ions and form ordered
networks around them. On the
other hand, water molecules force
nonpolar molecules to congregate
together. These interactions play
animportant role in biological
reactions.

Hydrogen Bonds

Hydrogen bonding between individual
water molecules creates cohesive forces
that are strong enough to support this raft
spider.

2 EXAMKRACKERS MCAT®* — BIOLOGY 1: MOLECULES

1.2 | Water

Water is the solvent in which the chemical reactions of living cells take place. 70
to 80 percent of a cell’s mass i1s made up of water. Water is a small polar molecule
that can participate in hydrogen bonding. Most compounds as light as water
would exist as a gas at typical cell temperatures. The ability of water molecules
to form hydrogen bonds with each other elevates the boiling point; as a result,
water remains in a liquid state in the cellular environment. Hydrogen bonding
also provides strong cohesive forces between water molecules, thus “squeezing”
hydrophobic (Greek: hydros — water, phobos — fear) molecules away from water
and causing them to aggregate. By contrast, hydrophilic (Greek: philos — love)
molecules or ionic compounds dissolve easily in water because their negatively
charged ends are attracted to the partial positive charge of water’s hydrogens while
their positively charged ends are attracted to the partial negative charge of the
oxygen (Figure 1.2). Thus, water molecules surround (solvate) a hydrophilic mol-
ecule or ion.

Besides acting as a solvent, water often acts as a reactant or product. Most mac-
romolecules of living cells are broken apart via hydrolysis (Greek: lysis — separa-
tion) and are formed via dehydration. In a hydrolysis reaction, a macromolecule is
broken into two smaller molecules through the addition of water. The hydrolysis
of ATP molecules provides the body’s major source of energy. Digestion is pri-
marily the hydrolysis of macromolecules, breaking a bond by adding the H and
OH of water to either end. Dehydration is the reverse reaction of hydrolysis,
where two molecules are combined to form a larger molecule and water is formed
as a byproduct. As will be described later in this lecture, a dehydration reaction
allows the formation of the bonds that make up biological molecules, such as the
peptide bonds that make up proteins and the ester bonds that are essential to
triglycerides.

Polar molecules or ionic compounds are readily solvated by water; nonpolar
molecules are not. This is an example of how “like dissolves like.”




13 [Lipids

Lipids are essential to life and perform a variety of functions in the body. While the
types of lipids are characterized by a variety of structures and functional groups,
they all share the same defining characteristics: low solubility in water and high
solubility in nonpolar organic solvents. In other words, lipids are nonpolar and
thus hydrophobic. This property determines the behavior of lipids in the watery
environment of the cell.

The roles played by lipids in an organism can be placed into three categories:
1. energy storage; 2. cellular organization and structure, particularly in the mem-
brane; and 3. provision of precursor molecules for vitamins and hormones. The
structural features of different lipids make them ideally suited for these cellular
functions.

The major groups of lipids include fatty acids, triacylglycerols, phospholipids,

glycolipids, steroids, terpenes, and waxes. Omega-3 fatty acids are lipids. They are

found in fish and other seafood including
algae and krill, some plants, and nut oils.

Types of Lipids a1

| EE Polar
3 < ‘ -NonpolarJ o oL s
Fatty acids Triacylglycerols Phospholipids Glycolipids
H-—OH
e &S H-4€ OH—CH,OH
H HH N HO-XH O
o H=C—C=C=H % G * H
D=C (o] 0o 0 H,C Hy( () O
_CH 0=C" 0=C C=0 O=P-0
H,C H H,C H.C H,C o ”UH
HC CH; CH, CH. CH (e} C
A~ H.C H.C H,C H
_CH: CH, CH H CH M B
HC CH H.C H.C H,C 0=( HC
. __CH; CH CH H-C—-C-H H.( CH.
HC H.C H.C H.C O H O CH, HC )
CH CH CH 0=C c=0 2 i )
_CH; 4 CH
HC H.C H.C H,C HC H.C CH; H.C ’
_CH CH. CH CH CH. CH & HiC CH.
HC H.C HLC HiC H(C H.C v SO e
CH, CH CH;, CH CH e HiC ) CH
B H.C H( HC H( H,C Y. CH; g :
CH; CH CH CH CH CH . HC i O
HC H,C HC HC HiC H.C o ;
| CH CH . H.C Sen,
HC HC H,C W CH: yco
CH; CH CH . HiC et
HC HiC H.C i CH
! CH CH -’ H.C
; ¥ ) HC HCl b o CH
Linolenic acid e oo S L
H.C '
o CH
. . 5 . 2C .
Triglyceride Phosphatidylcholine Lo Galactocerebroside
—
Sphingolipids Steroids Terpenes Waxes
s & CH CH o o
[ C—NH, H CH, H o H s
pect HA S < < < < ScH,
_CH H 5 - CH; H.C :
HC NH C C C C o) C CH.
ScH, v L CH H CH, H H H H CH: H.C :
HC H oy H.C _CH,
CH, & CH; HiC{
HC H.C CH;
_CH, CH, H,C
T L cn H.C CH,
_CH, . CH: H,C
HC_ | H H; H; H,C CH,
e ¢ ¢ e oSt HCl
H,C
’CTCH; CH, & GCH, COCH g~
HC, HiC
“CH, CH
Sphingosine Cholesterol Vitamin A, Palmityl palmitate

As you read about the following types of fats, relate each of them back

to the three major functions of lipids. Remember that long carbon chains
allow energy storage; that fats assemble into barriers separating aqueous
environments because they are hydrophobic; and that lipids are useful as
precursors for signaling molecules because they can pass through cellular
membranes.
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Besides being lipids themselves, fatty acids are the building blocks for
most, but not all, complex lipids. They act as fuel for the body and are com-
ponents of the phospholipids, glycolipids, and sphingolipids of cell mem-
branes, as described below. Fatty acids are composed of long chains of car-
bons truncated at one end by a carboxylic acid. They usually contain an even
number of carbons. In humans, the maximum number of carbons in a fatty
acid is 24. Fatty acids can be saturated or unsaturated. Saturated fatty acids
possess only single carbon-carbon bonds. Unsaturated fatty acids contain

one or more carbon-carbon double bonds. (See the Metabolism Lecture for more
about the differences between saturated and unsaturated fats.) Oxidation of fatty
acids liberates large amounts of chemical energy for a cell. Conversely, fatty acids
can be used for long-term energy storage. The high concentration of carbon-
hydrogen bonds in fatty acids allows them to store more energy per gram than any
other macromolecule in the body. Most fats reach the cell in the form of free fatty
acids, meaning fatty acid chains not attached to a backbone, rather than
as triacylglycerols.

Triacylglycerols, phospholipids, and glycolipids are sometimes
referred to as fatty acids. Triacylglycerols (Latin: tri — three),
commonly called triglycerides or simply fats and oils, are constructed
from a three carbon backbone called glycerol, which is attached to

Each fat cell or adipocyte consists of a
large central lipid droplet (yellow) sur-
rounded by a thin layer of cytoplasm (red)
containing the nucleus (blue). Fat cells
store energy as an insulating layer of fat

three fatty acid chains (as shown in Figure 1.3). Their function in a
under the skin.

cell is to store energy. They can also provide thermal insulation and
padding to an organism. Adipocytes (Latin: adips — fat, Greek: kytos
— cell), also called fat cells, are specialized cells whose cytoplasm
contains almost nothing but triglycerides.

Phospholipids are lipids with a phosphate group attached. For

0

/ the purposes of the MCAT®, the most important phospholipids are
HC\ phosphoglycerides. Like triglycerides, phosphoglycerides are built
/O from a glycerol backbone, but a polar phosphate group replaces one
oH of the fatty acids. The phosphate group lies on the opposite side of
o:1|’—o/ H\C_O the glycerol from the fatty acids, making the phospholipid polar at the
| M \C:O phosphate end and nonpolar at the fatty acid end. Molecules that have

OH H

a polar and nonpolar end are referred to as amphipathic (Latin: ambo
— both), and this quality makes phospholipids especially well suited as
the major component of biological membranes. When forming bilayer
membranes, the polar heads of phospholipids are able to face toward
the watery environment within and outside the cell, while the tails
create a nonpolar inner layer within the membrane, creating a barrier
to polar molecules that allows the regulation of their passage in and
out of the cell.

Glycolipids (Greek: glucus — sweet) are similar to phosphoglycerides,
except that glycolipids have one or more carbohydrates attached to
the three-carbon glycerol backbone instead of the phosphate group.
Glycolipids are also amphipathic. They are found in abundance in the
membranes of myelinated cells in the human nervous system.

Sphingolipids are also similar to phosphoglycerides, in that they
have a long chain fatty acid and a polar head group. However, rather
than glycerol, the backbone molecule is an amino alcohol called a
sphingosine. (One type of sphingolipid, sphingomyelin, has a phosphate
group attached to the sphingosine backbone and is thus a phospholipid,
although it is not a phosphoglyceride.) Like phospholipids, glycolipids,
and steroids, sphingolipids make up part of the cell membrane.

The simplest phosphoglyceride is phos-
phatidic acid. All other phosphoglyc-
erides except one type, plasmalogens,
have a phosphatidic acid backbone,
which is just another way of describing
the glycerol backbone with a phos-
phate group attached. They can thus be
referred to as phosphatids.
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Steroids are four ringed structures. They include some
hormones, vitamin D, and cholesterol, an important membrane
component. See the Endocrine System Lecture in Biology 2:
Systems to learn about the steroid class of hormones, and see
the Cell Lecture in the same manual for how steroids affect the
characteristics of the cellular membrane.

Terpenes are a sixth class of lipids that are often part of pig-
ments in the body. They include vitamin A, which is important
for vision.

Waxes are another type of lipid that are formed by an ester
linkage between a long-chain alcohol and a long-chain fatty
acid. They have a variety of functions in different types of organ-
isms, determined by their characteristic water-repellent texture.
Ear wax is an example of a wax in the human body.

Another class of lipids (not shown in Figure 1.3 but often
listed as a fatty acid) are the 20 carbon eicosanoids (Greek: eikosi

— twenty). Eicosanoids include prostaglandins, thromboxanes, and leukotrienes.
Eicosanoids are released from cell membranes as local hormones that regulate,
among other things, blood pressure, body temperature, and smooth muscle
contraction. Aspirin isa commonly used inhibitor of the synthesis of prostaglandins.

Vitamins are a particular type of organic
molecule that are essential, meaning they
cannot be produced by the body. Vitamin
A and Vitamin D are examples of fat-
soluble vitamins. Fat-soluble vitamins

y : . : _ are transported in the body along with fats
Because lipids are insoluble in aqueous solution, they are transported in the blood obtained from the diet. and also assist in

via lipoproteins. A lipoprotein contains a lipid core surrounded by phospholipids the absorption of these fats.
and apoproteins. Thus the lipoprotein is able to dissolve lipids in its hydrophobic

core, and then move freely through the aqueous solution due to its hydrophilic

shell. Lipoproteins are classified by their density. The greater the ratio of
lipid to protein, the lower the density. The major classes of lipoproteins
in humans are chylomicrons, very low density lipoproteins (VLDL), low
density lipoproteins (LDL), and high density lipoproteins (HDL). (For
‘more on lipoproteins, see the Digestive and Excretory Systems
Lecture in Biology 2: Systems.)

Phospholipids

When the ratio of protein to lipid is larger, the density
ofalipoprotein is greater. Think about a solidly built
athlete and remember that the proteins comprising
muscles weigh more than an equivalent volume

offat. Because proteins are more dense than

lipids, the greater the ratio of proteintofatina
lipoprotein, the denser the lipoprotein will be.

Know these major functions of lipids:

1. phospholipids serve as a structural component of
membranes;

Cholesterol
Triglyceride
2. triacylglycerols store metabolic energy and provide
thermal insulation and padding;

3. steroids regulate metabolic activities; and

4. some fatty acids (eicosanoids) even serve as local
hormones.
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See the Oxygen Containing
Reactions Lecture in the Chemistry
Manual for more on carbohydrates,
including the chemistry behind the
formation of polysaccharides.

Glucose and Fructose
H

sty CH,OH
H—OH D=0
HO —aH HO—pr
H——OH H—{~ OH
H—=—OH H—=OH
CH,OH CH,OH
6 6
Glucose Fructose

In the absence of insulin, only the
brain and the liver continue to
absorb glucose.

Liver cells contain large amounts of
glycogen. This helps the liver regulate
blood glucose levels.

Large chloroplasts (found in plants)
contain starch granules made by
photosynthesis.

14 | Carbohydrates

The primary biological importance of carbohydrates lies with their useful-
ness in energy storage and providing easily accessible energy to the body. As
with fats, the high concentration of C-H bonds in carbohydrates allows for
the storage of a large amount of energy. However, carbohydrates do not store
as much energy per gram as lipids simply because they do not have as high a
concentration of C-H bonds; alcohols are also present along the carbon chain.
The consistent structure of carbohydrates allows them to be easily stacked
together in the cell, which contributes to their usefulness for energy storage.
The structure of carbohydrates also makes it possible for them to join together
through a dehydration reaction, forming long chains, polysaccharides, for
energy storage. The reverse hydrolysis reaction allows the release of single
sugar molecules, monosaccharides, that the tissues can use for energy.

Carbohydrates can be thought of as carbon and water in a fixed one-to-one
ratio. For each carbon atom there exists one oxygen atom and two hydrogen
atoms. The formula for any carbohydrate is:

Ga(H,0),

The carbohydrates most likely to appear on the MCAT™ are fructose and
glucose. Both are six carbon carbohydrates called hexoses. Glucose (Greek:
glucus — sweet) is the most commonly occurring six carbon carbohydrate.
The Fischer projections of fructose and glucose are shown in Figure 1.4. Glu-
cose normally accounts for 80% of the carbohydrates absorbed by humans.
Almost all digested carbohydrates reaching body cells have been converted to
glucose by the liver or enterocytes (intestinal cells).

The cell can oxidize glucose to transfer its chemical energy to a more read-
ily usable form, ATP. If the cell already has sufficient ATP, glucose is polym-
erized to the polysaccharide form, glycogen, or converted to fat. As shown
in Figure 1.5, glycogen is a branched glucose polymer with alpha linkages.
Glycogen is found in all animal cells, but especially large amounts are found
in muscle and liver cells. The liver regulates the blood glucose level, so liver
cells are one of the few cell types capable of reforming glucose from glycogen
and releasing it back into the bloodstream when needed. Only certain epi-
thelial cells in the digestive tract and the proximal tubule of the kidney are
capable of absorbing glucose against a concentration gradient. This is done via
a secondary active transport mechanism down the concentration gradient of
sodium. All other cells absorb glucose via facilitated diffusion. Insulin increas-
es the rate of facilitated diffusion for glucose and other monosaccharides. In
the absence of insulin, only neural and hepatic cells are capable of absorbing
sufficient amounts of glucose via the facilitated transport system.

Just like animals, plants join glucose molecules to form polysaccharides.
Plants use starch for long-term storage instead of glycogen. Starch comes in
two forms: amylose and amylopectin. Amylose may be branched or unbranched
and has the same alpha linkages as glycogen. Amylopectin resembles glycogen
but has a different branching structure.

Plants also use glucose molecules to form cellulose. Cellulose is used as a
structural material rather than for energy storage, and in contrast to starch and
glycogen, it is composed of beta linkages. Like most animals, humans have
enzymes to digest the alpha linkages of starch and glycogen but do not have
enzymes that can digest the beta linkages of cellulose. Some animals such as
cows have bacteria in their digestive systems that release an enzyme to digest
the beta linkages in cellulose. Recent research suggests that certain insects do
produce an enzyme to digest the beta linkages of cellulose.
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Glucose and Glucose Polymers

H\‘/o
1 | 6)CH,0OH
H—=C—I0H '

HO—C—H
- 7 | ~
H— C—OH
H— C—OH

- CH,OH

®-Glucose Glucose B -Glucose

O, (&) (e) O, O
o - o - o o (e} —— o

Starch
a-1, 4" linkage

0. : o
Q /a—1,6’ linkage
0.
0, 0 ]:n 0, :n ©)
> 7 o) - o e} - e} — O N / o

Glycogen

\
>

a-1, 4’ linkage

Not bad, but |
think | prefer
alpha linkages in
my salad.

For glucose polymers, remember that animals eat the alpha
linkages, but only bacteria break the beta linkages. The
stability of the beta linkages of cellulose makes it a tough,
stable molecule that can be used to build plant cell walls.

"4

s
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Watson and Crick discovered the double
helix structure of DNA.

O

H H

Ol OH

NADH

NADH is an example of a dinucleotide. Notice that
phosphodiester linkages join the two nucleotides.
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1.5 | Nucleotides

Nucleotides are an important class of molecules that are involved in the cell’s use
of energy as well as comprising the building blocks of every organism’s genetic
material. They are made up of three components:

1. a five carbon (pentose) sugar;
2. a nitrogenous base; and
3. a phosphate group.

The three components of nucleotides allow them to form the characteristic
structure of DNA, as described below. The highly stable sugars, along with the
phosphate groups, are able to link together to form a stable and organized back-
bone. Both are polar and thus can face outward into the watery solvent of the cell.
Meanwhile, the nitrogenous bases can form weak hydrogen bonds with each other
that stabilize the double-stranded structure of DNA but can also be separated to
allow the replication of genetic material.

A nucleoside consists of a pentose sugar attached to a nitrogenous base. Nucle-
otides are formed by the addition of one or more phosphate groups to a nucleoside.
Nucleotides form polymers to create the nucleic acids, DNA and RNA, which
allow for the expression of genetic traits by specifying the production of proteins
(see the Genetics Lecture).

In nucleic acids, nucleotides are joined together into long strands by phosphodi-
ester bonds between the phosphate group of one nucleotide and the third carbon
of the pentose sugar of the other nucleotide, forming a sugar-phosphate back-
bone. By convention, a strand of nucleotides in a nucleic acid is written as a list of

its nitrogenous bases. A nucleotide attached to the number 3 carbon (3°) of
its neighbor follows that neighbor in the list. In other words, nucleotides are
written in the 5" to 3’ direction (5— 3’). By convention, DNA is written so

NH that the top strand runs 5— 3’ and the bottom runs 3'— 5.
2

Four nitrogenous bases exist in DNA (deoxyribonucleic acid): adenine
(A), guanine (G), cytosine (C), and thymine (T). Adenine and guanine
are two ring structures called purines, while cytosine and thymine are sin-
gle ring structures called pyrimidines. DNA usually exists in a particular
form described by the Watson-Crick model, named for the scientists who
are credited with first theorizing the structure of DNA. In this typical struc-
ture, also known as the B form, the two strands lie side by side in opposite 3
— 5" directions (antiparallel) bound together by hydrogen bonds between
nitrogenous bases, forming a double stranded structure. This hydrogen
bonding is commonly referred to as base-pairing. The length of a DNA
strand is measured in base-pairs (bp). Under normal circumstances, the
hydrogen bonds form only between specific purine-pyrimidine pairs; ade-
nine forms 2 hydrogen bonds with thymine, and guanine forms 3 hydrogen
bonds with cytosine. Therefore, in order for two strands to bind together,
their bases must match up in the correct order. Two strands that match in
such a fashion are called complementary strands. When complementary
strands bind together, they curl into a double helix (Figure 1.7). The double
helix contains two distinct grooves called the major groove and the minor
groove. Each groove spirals once around the double helix for every ten base-
pairs. This structure of DNA is stable in the cellular environment and allows
for replication of genetic material.




DNA Double Helix

Hydrogen bond

Phosphodiester bond

E Purines Pyrimidines

b

@)

Cytosine (C)
NH, CH,

{N I o N OY\

e g //’l HN< N

N

§ T

Adenine (A)
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3 H-BONDS

2 H-BONDS

Remember that DNA is a polymer of nucleotides, and each nucleotide is

made up of three parts: the phosphate group, the 5-carbon sugar, and the
nitrogenous base. Know the names of the purines (adenine and guanine)

and the pyrimidines (cytosine and thymine). A good way to remember this

is: “pyrimidine” contains a “y,” and so do “cytosine” and “thymine.” Uracil, a
nitrogenous base in RNA, is also a pyrimidine. This is easy to remember since it
replaces the pyrimidine thymine. Know the pairings (AT, GC) and the number of
H-bonds between each pair. Two hydrogen bonds hold together AT, while three
hold together GC. This means that more energy is required to separate GC
bonds.

RNA (ribonucleic acid) is identical to DNA in structure except that:
F
I. carbon number 2 on the pentose is not “deoxygenated” (it has a hydroxyl
NH group attached);
‘ /g 2. RNA is almost always single stranded; and
N o) 3. RNA contains the pyrimidine uracil (U) instead of thymine.
Unlike DNA, RNA can move through the nuclear pores and is not confined
Uracil (U) to the nucleus. Three important types of RNA, which will be described further

in the Genetics Lecture, are mR NA (messenger RNA), rRNA (ribosomal RINA),
and tRNA (transfer RNA). Also, notice the similarity in structure between uracil

ATP and thymine. This is a common cause of muta-

tions in DNA.
In addition to forming genetic material,

Phosphate group

nucleotides also serve other purposes in the cell.

o o o ) Important nucleotides include ATP (adenosine
| | | Nitrogenous base 2 e P ) S

y s triphosphate: Figure 1.8), the main source of
O—ﬁ_o_ﬁ O—II)_O NH, readily available energy for the cell; cyclic AMP
“"AMP), an 1 tant ¢ t i any sec-

o o o N - (c ), an important component in many sec

\ Pentose </ ' ond messenger systems; and NADH and FADH,,

CH, s N /J the coenzymes involved in the Krebs cycle.
N

H You will learn much more about the role of ATP
: as an energy source in Metabolism and Muscle,
Bone, and Skin; about second messenger
| | systems in Endocrine; and about NADH and

| FADH, in Metabolism.
Nucleoside 2 In Metabolism

Nucleotide
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These questions are NOT related to a passage. Item 6

Like cellulose, chitin is a polysaccharide that cannot be

Item 1 digested by animals. Chitin differs from cellulose in that it
P ) o ) possesses an acetyl-amino group at the second carbon. What
The most common catabolic reaction in the human body is: molecule is a reactant in the breaking of the B-1.4 glycoside
OA) dehydration. linkages of cellulose and chitin?
OB) hydrolysis: OA) Water
00 co.ndbensz‘mon. OB) Oxygen
OD) elimination. O Q) a-1,4-glucosidase
Item 2 O D) B-1,4-glucosidase
A molecule of DNA contains all of the following EXCEPT: Item 7
OA) deoxyribose sugars. Which of the following is always true concerning the base
O B) polypeptide bonds. composition of DNA?
00 phosphodiester bonds. OA) In each single strand, the number of adenine
OD) nitrogenous bases. residues equals the number of thymine residues.
W,ﬁikm 3 O B) In each single strand, the number of adenine
= residues equals the number of guanine residues.
Which of the following is a carbohydrate polymer that is O C) In amolecule of double stranded DNA, the ratio
stored in plants and digestible by animals? of adenine residues to thymine residues equals the
OA) Starch ratio of cytosine residues to guanine residues.
OB) Glycogen O D) Inamolecule F)fdouble stranded DNA, the number
OC) Cellulose of adenine residues plus thymine residues equals

the number of cytosine residues plus guanine

O D) Glucose )
residues.

Egm 4 Item 8

Metabolism of carbohydrate and fat spares protein tissue. All
of the following are true of fats EXCEPT:

OA) Fats may be used in cell structure.

O B) Fats may be used as hormones.

O C) Fats are a more efficient form of energy storage
than proteins.

O D) Fats are a less efficient form of energy storage than

carbohydrates.
ltem 5

Which of the following is found in the RNA but not the DNA
of a living cell?

All of the following types of lipids can be found in cell
membranes EXCEPT:

OA) glycolipids.
O B) steroids.

O C) prostaglandins.
O D) sphingolipids.

OA) Thymine

O B) A double helix

O C) An additional hydroxyl group
O D) Hydrogen bonds

STOP
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Peanuts are a source of protein.

1.6 |Amino Acids and Proteins

Amino acids are the building blocks of proteins. As described below, amino acids
contain differing side groups with varying physical and chemical properties. The
large number of possible combinations of amino acids with different properties
allows different types of proteins to have a wide variety of structures, contributing
to the multitude of functions that proteins carry out in the body. A single protein
is built from a chain of amino acids linked together by peptide bonds; thus pro-
teins are sometimes referred to as polypeptides (Greek: polys — many).

It is important to be able to recognize the general structure of an amino acid
and a polypeptide. A peptide bond creates the functional group known as an
amide, an amine connected to a carbonyl carbon. It is formed via a dehydration
reaction of two amino acids. The reverse reaction is the hydrolysis of a peptide

bond.

Hydrolysis of a Peptide Bond

Peptide
bond

Dipeptide

I
HO—C—(lj—N—H
R

Amino acids

Since nitrogen is most stable with four bonds and oxygen attracts electron
density, resulting in a partial negative charge, electrons delocalize to give the
peptide bond a partial double bond character. This double bond character prevents
the bond from rotating freely and affects the secondary and, to some extent, the
tertiary structure of the polypeptide (these types of protein structure are described
later in this section).

Nearly all proteins in all species are built from the same 20 a-amino acids. They
are called alpha amino acids because the amine is attached to the carbon in the alpha
position to the carbonyl. In humans, nine of the amino acids are essential, meaning
that they cannot be manufactured by the body and thus must be ingested directly.
Digested proteins reach the cells of the human body as single amino acids.

Notice the R group on each amino acid. The R group is called the side chain
of the amino acid. Each amino acid differs only in its R group. Like the amino
group, the side chain is attached to the a-carbon. The R groups have different
chemical properties, which can be divided into four categories: 1. acidic; 2. basic;
3. polar; and 4. nonpolar. All acidic and basic R groups are also polar. Generally,
if the side chain contains carboxylic acids, then it is acidic; if it contains amines,
then it is basic. These properties of the side chains affect the overall structure of
the protein.
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The 20 Common Amino Acids

General structure

Nonpolar

V&

H,N—C—COOH H,N—C—COOH H,N—C—COOH
H H H

Valine Leucine

-y "

Glycine 4 Alanine

|

NH 3

/ |
?z CH ?H

CH, CH,

=== CH, CH,

HN—C—COOH HN—C—COOH HN—C—COOH HN—C—CO0OH
H H H H

\  Tryptophan / | Methionine |

Polar

HN—I(_II——COOH

Isoleucine Phenylalanine Proline

i v

CH,

Hee U= 0OH

IN—C—COOH
e H

HMN—C—COOH HN—C— COCH
H H

Serine Threonine Glutamine

Acidic

[
NH
CH;

ek P A HN—C—COOH HiN—C— H
HN }Ci COOH HN 1(—:{ COOH 2 H > lc-:l COO

Aspartic acid Glutamic acid Histidine Arginine

The structure of a protein is described according to several levels of organization.
The number and sequence of amino acids in a polypeptide is called the primary
structure. Once the primary structure is formed, the single chain can form into
distinct shapes known as the secondary structure of the protein. The polypeptide
can twist into an o-helix, or lie alongside itself and form a [(-pleated sheet.
With B-pleated sheets, the connecting segments of the two strands can lie in the
same direction or in opposite directions. Both a-helices and B-pleated sheets are
reinforced by hydrogen bonds between the carbonyl oxygen of one amino acid
and the hydrogen on the amino group of another. A single protein usually contains
both structures at various locations along its chain. These areas of secondary
structure contribute to the conformation, or overall shape, of the protein.

The amino acid structures

shown in this figure are artificial
representations. Amino acids in
solution, such as in the biological
environment, will always carry one
or more charges. The position and
nature of the charges will depend
upon the pH of the solution.
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Protein Structure All proteins have a primary structure and most have areas of sec-

ondary structure. Larger proteins can have a tertiary and quaternary

R ) structure. The tertiary structure refers to the three dimensional
H ol O H B O s . . -
£ -] | ol | shape formed by curls and folds of the peptide chain. Five forces con-
—N—C—C—N—C—C—N—C—C-—N—C—C— tribute to the tertiary structure: 1. covalent disulfide bonds between
[ﬁ l!l I!I g lﬁ] I!I l!l (l:l) two CyStL‘iI‘lC amino acids on -diﬁjerelv)t parts oft‘he chain, creating the
dimer cystine; 2. electrostatic (ionic) interactions, mostly between
VAL HIS LEU THR acidic and basic side chains; 3. hydrogen bonds; 4. van der Waals
- forces; and 5. hydrophobic side chains pushed away from water
Primary Structure i : 4 .
: ; toward the center of the protein (hydrophobic bonding). In addi-
(Amino Acid Sequence) . : ;
tion to these forces, turns that disrupt both a-helix and B-pleated

sheet formation are induced by the amino acid proline due to its
physical structure: the R group binds to the amine group, causing
proline to be more rigid than a typical amino acid and creating a
kink in the structure of the protein.

When two or more polypeptide chains bind together, they form
the quaternary structure of the protein. The same five forces at
work in the tertiary structure can also act to form the quaternary
structure.

Although many different conformations are possible for any one
protein, it will generally exist in one of a few possible conformations
that have the highest stability and allow the protein to carry out
its necessary functions. As described above, the water surrounding
proteins in the biological environment helps stabilize these native
conformations. Due to the presence of hydrophobic R groups on the
protein, surrounding molecules assemble into an organized structure
known as a solvation layer that forces these hydrophobic groups
towards the inner area of the protein. The gathering of hydrophobic
. R groups away from the surrounding water is highly favorable
a-Helix because it allows a decrease in the size of the highly ordered solvation
A( Secondary Structures}i layer, increasing the entropy of the system (see the Thermodynamics
Lecture of the Chemistry Manual for more on entropy).

When the native conformation is disrupted, the protein is said to
be denatured. A denatured protein has lost most of its secondary,
tertiary, and quaternary structure. Some denaturing agents and the
forces that they disrupt are given in Table 1.1. Very often, once the
denaturing agent is removed, the protein will spontaneously refold

to its original conformation. This suggests that the amino acid
sequence plays a key role in the conformation of a protein.

Tertiary Structure
Twisted polypeptide

Quaternary Structure
Several polypeptides bonded together
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Later in this lecture, proteins’ function as enzymes will be discussed
extensively, but proteins have MANY additional roles in the body that

will be covered throughout Biology 1: Molecules and Biology 2: Systems.
Remember that the large array of possible functions is made possible by the
numerous possible combinations of amino acids that have different physical
properties. See the immune section of Lecture 4 in Biology 2: Systems for
proteins that are involved in the immune system; the Muscle, Bone and Skin
Lecture in the same manual for motor proteins that enable the movement of
muscles; and the Genetics Lecture for DNA binding proteins.

There are two types of proteins: globular and structural. There are more types
of globular proteins than there are types of structural proteins. Globular proteins
function as enzymes (e.g. pepsin), hormones (e.g. insulin), membrane pumps
and channels (e.g. Na*/K* pump and voltage gated sodium channels), membrane
receptors (e.g. nicotinic receptors on a post-synaptic neuron), intercellular and
intracellular transport and storage (e.g. hemoglobin and myoglobin), osmotic

regulators (e.g. albumin), in the immune response (e.g. antibodies), and more.

Protein is found in nearly all unprocessed
foods.

Six Factors that Contribute to Tertiary Structure

Q)
Cystme .
C
/ \ |
ofn i o
b CIT—S S—C ]C OHJIlT'f
I |
N H H [Cr0 RI-E C
Dlsulflde
bridge Hydrogen
bond
Covalent disulfide bonds between Electrostatic (ionic) interactions Hydrogen bonds
two cystine amino acids on mostly between acidic and
different parts of the chain basic side chains
©, 1©
Hydrophobic
bonding
Hydrogen
bond
unable to
form
‘C\\/\_ Proline
Van der Waals forces Hydrophobic side chains A
pushed away from water R group of proline causes kinks
(toward center of protein)
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Properly

folded

protein Denatured
Denatured

protein

Remember to think “sugar” when
you see “glyco-." Just as glycolipids
are lipids with sugars attached,
glycoproteins are proteins with
sugars attached.

Cytochrome proteins carry out electron
transport via oxidation and reduction of
the heme group.

TABLE 1.1 > Denaturing Agents

Denaturing Agents Forces Disrupted

Urea Hydrogen bonds

Salt or change in pH Electrostatic bonds

Mercaptoethanol Disulfide bonds

Organic solvents Hydrophobic forces ‘
Heat All forces

Heat, salt, and changes in pH can cause a
protein to lose its higher-level conformation.
Notice, for example, that the denatured
form of the protein does not contain any

of the a-helices that the properly folded
protein has. Denaturing agents rarely
affect the primary structure of a protein,
which contains the essential information
for conformation. Thus, mildly denatured
proteins can often spontaneously return to
their original conformation.

Structural proteins are made from long polymers. They maintain and add
strength to cellular and matrix structure. Collagen, a structural protein made from
a unique type of helix, is the most abundant protein in the body. Collagen fibers
add great strength to skin, tendons, ligaments, and bone, among other structures.
Microtubules, which make up eukaryotic flagella and cilia, are made from globular
tubulin, which polymerizes under the right conditions to become a structural
protein.

Glycoproteins are proteins with carbohydrate groups attached. These are a
component of cellular plasma membranes. Proteoglycans are also a mixture of proteins
and carbohydrates, but they generally consist of more than 50% carbohydrates.
Proteoglycans are the major component of the extracellular matrix.

Cytochromes (Greek: kytos — cell, chroma — color or pigment) are proteins
which require a prosthetic (nonproteinaceous) heme (Greek: haima — blood) group
in order to function. Cytochromes get their name from the color that they add to

the cell. Examples of cytochromes are hemoglobin and the cytochromes of the
electron transport chain in the inner membrane of mitochondria. Proteins
containing nonproteinaceous components are called conjugated proteins.

Proteins are important. Understand the different levels of
structures, 1°, 2°, 3°, and 4°, and the bonding involved. You
need to know the forces that contribute to the stability
of protein conformations and what denaturation means.
You don’t have to memorize the structure of each amino
acid, but recognize the basic structure of a generic amino
acid. Although nucleic acids, some lipids, and even some
carbohydrates contain nitrogen, when you see nitrogen on
the MCAT®, think protein.
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Minerals

inerals are the dissolved inorganic ions inside and outside the cell. By creat-
electrochemical gradients across membranes, they assist in the transport of
substances entering and exiting the cell. They can combine and solidify to give
strength to a matrix, such as hydroxyapatite in bone. Minerals also act as cofactors
(discussed later in this lecture) assisting enzyme or protein function. For instance,
liron is a mineral found in heme, the prosthetic group of cytochromes.

F’l’his completes an overview of the major chemicals acting in the body. Your
emphasis should be on understanding functions, not memorizing details.
That doesn’t mean that breezing right through this section. A large portion
ofyour success on biology and biochemistry questions on the MCAT®
depends on reading comprehension. Since it is impossible to know the exact
topic of the passages ahead of time, you can't do well just by memorizing
facts. Instead, it is helpful to become familiar with the terms and dialect in
Which the passages are written. Try to see the big picture and how each little This fractured surface of a bone consists
piece fits into the big picture. Be certain that you thoroughly understand all of an organic matrix of collagen fibers and
e terms that are bolded and red! Your goal by the time you finish Biology mineral-based molecules such as hydroxy-
1: Molecules and Biology 2: Systems is to attain a general overview of how the apatite and chondroitin sulfate.
body functions on each level of organization (i.e. molecular, cellular, tissue,
‘organ, system, organism), and to know the specific contribution of any bold
andred term or concept.

Molecule
Macromolecule

Organelle

- 3
-

2/'.};:,[.“//,
P
AN

Tissue

Organ
Organ system Organism
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Hexokinase lowers the activation energy
for the phosphorylation of glucose.
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1.8 | Features of Enzymes
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Virtually all biological reactions are regulated and made possible by enzymes.
Enzymes are typically globular proteins, although there are a few nucleic acids that
actas enzymes. Just as the variability in structure of proteins makes them well-suited
for many different biological functions, this variability also facilitates their action
as enzymes. The differing characteristics of enzymatic R groups accounts for the
specificity of enzymes for certain substrates, as will be described below.

The function of any enzyme is to act as a catalyst, lowering the energy of
activation for a biological reaction and thus increasing the rate of that reaction.
Enzymes increase reaction rates by magnitudes of as much as thousands of tril-
lions. This is a much greater increase than typical lab catalysts. Such extreme con-
trol over reaction rates gives enzymes the ability to pick and choose which reac-
tions will or will not occur inside a cell. Without the catalytic effect of enzymes,
the energy of activation of essential biological reactions would be impossibly high.
Thus, enzymes have a regulatory ability, making the body’s chemical reactions
possible, but ensuring that they occur only when needed. Enzymes, like any cata-
lysts, are neither consumed nor permanently altered by the reactions which they
catalyze. Only a small amount of catalyst is required for any reaction. Also like
other catalysts, enzymes do not alter the equilibrium of a reaction; in other words,
they do not alter the relative amount of reactants and products at equilibrium.

The reactant or reactants upon which an enzyme works are called the sub-
strates. Substrates are generally smaller than the enzyme. The substrate binds to
the enzyme at a particular location called the active site. usually with numerous
noncovalent bonds. The enzyme and substrate bind together to form the enzyme-
substrate complex.

Normally, enzymes are designed to work only on a specific substrate or group
of closely related substrates. This is called enzyme specificity. The lock and key
model is an example of enzyme specificity. In this theory, the active site of the
enzyme has a specific shape like a lock that only fits a specific substrate, the key.
The lock and key model explains some but not all enzymes. A second theory
called the induced fit model says that the shapes of both the enzyme and the sub-
strate are altered upon binding. Besides increasing specificity, the alteration actu-
ally helps the reaction to proceed by destabilizing the substrate. In reactions with
more than one substrate, the enzyme may also orient the substrates relative to each
other, creating optimal conditions for a reaction to take place.

Without A

enzyme o -~ Enzyme lowers

activation energy
by this amount

Energy iy
\,\
\

' Reactant

Progress of
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Enzymes exhibit saturation kinetics; as the relative concentration of substrate
increases, the rate of the reaction also increases, but to a lesser and lesser degree
until a maximum rate, the V,,,., has been achieved. This occurs because as more
substrate is added, individual substrates must begin to wait in line for an unoccu-
pied enzyme. Thus, V,,,, is proportional to enzyme concentration. Turnover number
15 the number of substrate molecules one active site can convert to product in a
given unit of time when an enzyme solution is saturated with substrate. '

Related to V,,,, is the Michaelis constant, also known as the K. The K,
is the substrate concentration at which the reaction rate is equal to 42V,,,.. The
value of the Michaelis constant indicates how highly concentrated the substrate
must be to speed up the reaction. If a higher concentration of substrate is needed,
the enzyme must have a lower affinity for the substrate. Thus K,, is inversely
proportional to enzyme-substrate affinity. Unlike V., K, does not vary when
the enzyme concentration is changed; in other words, it is a characteristic of the
trinsic fit between the enzyme and substrate, rather than reflecting the amount
of substrate present. However, the value of K,, can be altered by certain types of .‘
enzyme inhibition.

Michaelis-Menten curves plot reaction velocity as a function of substrate con-
centration and show an enzyme’s V,,,, and K, (Figure 1.14). They are valuable
tools for recalling and understanding the types of enzyme inhibition, as will be
discussed further in this lecture.

Temperature and pH also affect the rates of enzymatic reactions. At first, as Mi . ;

‘ . : ichaelis-Menten w
the temperature increases, the reaction rate goes up. However, since enzymes are : \
generally proteins, at some point the enzyme denatures and the rate of the reaction Curves at Different Enzyme
Idrops off precipitously. For enzymes in the human body, the optimal temperature Concentrations
1§ most often around 37° C. Enzymes also function within specific pH ranges. The
optimal pH varies depending upon the enzyme. For instance, pepsin, which is }
active in the stomach, prefers a pH below 2, while trypsin, which is active in the

2 max

2 max

- 1 max

coenzymes or metal ions.

small intestine, works best at a pH between 6 and 7. % vV !
% z, R . ) 1 max
In order to reach their optimal activity, many enzymes require a non-protein - l
omponent called a cofactor (Latin: co- — with or together). Cofactors can be .% v ,
©
3
[

Coenzymes are cofactors that are organic molecules. Many types of water-
luble vitamins serve as coenzymes or their precursors. Coenzymes are divided
nto two types: cosubstrates and prosthetic groups.

Cosubstrates reversibly bind to a specific enzyme, and transfer some chemical
oup to another substrate. The cosubstrate then reverts to its original form via Substrate concentration
other enzymatic reaction. This reversion to original form is what distinguishes

| cosubstrate from normal substrates. ATP is an example of the cosubstrate type

of coenzyme.
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Prosthetic groups remain covalently bound to the enzyme throughout the reac-
tion, and, like the enzyme, emerge from the reaction unchanged. As mentioned
previously, heme is a prosthetic group. Heme binds with catalase in peroxisomes to

The important relationships degrade hydrogen peroxide.

between enzymes and their Metal ions are the second type of cofactor. They can act alone or with a pros-
environment are represented by thetic group. Typical metal ions that function as cofactors in the human body are
these three graphs. Memorize the iron, copper, manganese, magnesium, calcium, and zinc.

basic shapes of the graphs and An enzyme without its cofactor is called an apoenzyme (Greek: apo- — away
understand how to use them to from) and is completely nonfunctional. An enzyme with its cofactor is called a
predict relative rates of enzymatic holoenzyme (Greek: holos — whole, entire, complete).

reactions under different
environmental conditions.

Just know that some enzymes need cofactors to function, and that
cofactors are either minerals or coenzymes. Also remember that many
coenzymes are vitamins or their derivatives.
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These questions are NOT related to a passage.

Excessive amounts of nitrogen are found in the urine of an

individual who has experienced a period of extended fasting.
This is most likely due to:

OA) glycogenolysis in the liver.

O B) the breakdown of body proteins.

O C) lipolysis in adipose tissue.

O D) atumor on the posterior pituitary causing excessive

ADH secretion.
ltem 10

Proline is not technically an a-amino acid. Due to the ring
structure of proline, it cannot conform to the geometry of
the a-helix and creates a bend in the polypeptide chain. This
phenomenon assists in the creation of what level of protein
structure?

0A) Primary
OB) Secondary
OC) Tertiary
O D) Quaternary

ltem 11

Enzymes are required by all living things because enzymes:

OA) raise the free energy of chemical reactions.

O B) properly orient reactants and lower activation
energy.

O Q) increase the temperature of reacting molecules.

O D) increase the number of reacting molecules.

ltem 12

All of the following must change the rate of an enzyme
catalyzed reaction EXCEPT:

OA) changing the pH.

O B) lowering the temperature.

O C) decreasing the concentration of substrate.
O D) adding a noncompetitive inhibitor.

fions 9-16 of 96

Item 13

Since an increase in temperature increases the reaction rate,
why isn’t the elevation of temperature a method normally
used to accelerate enzyme-catalyzed reactions?

O A) Raising the temperature causes the reaction to
occur too quickly.

O B) Raising the temperature does not sufficiently
surmount the activation energy barrier.

O C) Heat changes the configuration of proteins.

O D) Heat does not increase the probability of molecular
collision.

Item 14

The partial double bond character of a peptide bond has its
greatest effect in which level of structure of an enzyme?

OA) Primary
O B) Secondary
O C) Tertiary
O D) Quaternary

Item 15

Which of the following nutrients has the greatest heat of
combustion?

OA) Carbohydrate
O B) Protein

O C) Saturated fat
O D) Unsaturated fat

Item 16
All of the following are true of enzymes EXCEPT:

O A) The active site of an enzyme can destabilize bonds
in the substrate.

O B) Enzymes increase the amount of product at
equilibrium.

O C) Some enzymes change shape after binding to the
substrate.

O D) Enzymes have a greater catalytic effect than lab
catalysts.

STOP .
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19 |Enzyme Regulation

Enzymes select which reactions take place within a cell, so the cell must regulate
enzyme activity. Regulation of enzymes ensures that they are activated when
needed by the cell, and that the amount of product created in the reactions that
are catalyzed is at the level required for cellular functions. Enzymes are regulated
by four primary means:

1. Proteolytic cleavage (irreversible covalent modification)—Many enzymes are released
into their environment in an inactive form called a zymogen or proenzyme
(Greek: pro — before). When specific peptide bonds on zymogens are
cleaved, the zymogens become irreversibly activated. Activation of zymogens
may be instigated by other enzymes, or by a change in environment. For
instance, pepsinogen (notice the “—ogen” at the end indicating zymogen
status) is the zymogen of pepsin and is activated by low pH.

2. Reversible covalent modification—Some enzymes are activated or deactivated
by phosphorylation or the addition of some other modifier such as AMP
(adenosine monophosphate). The removal of the modifier is almost always
accomplished by hydrolysis. Phosphorylation typically occurs in the presence
£ — of a protein kinase, a type of catalytic enzyme.
This acinar cell produces digestive pre “Halyp Y Y
enzymes in zymogen granules (purple). 3. Control proteins—Control proteins are protein subunits that associate with
These enzymes are excreted into the certain enzymes to activate or inhibit their activity. Calmodulin and G-proteins
pancreatic ducts and carried to the small are typical examples of control proteins.
intestine, where they are activated and aid 4. Allosteric interactions—Allosteric regulation is the modification of an

in the breakdown of carbohydrates, fats,

) enzyme’s configuration through the binding of an activator or inhibitor at a
and proteins. J\

specific binding site on the enzyme. |

Think about why the body would release an enzyme in an inactive form. You
will learn about the function of pepsin in Digestion, but for now it’s enough :
to know that it digests proteins. The release of pepsin as a zymogen that is i ‘
activated only by low pH ensures that pepsin only digests proteins where it

is supposed to—in the stomach!

Enzymatic Regulation

Enzyme 1

) Positive feedback

End
Enzyme 1-substrate Enzyme 2-substrate A
complex ‘complex

Enzyme 1

Intermediate
substrate B

Intermediate
substrate A

End
product

Negative feedback inhibition

2 R F N B B B B

Conformation change

22 EXAMKRACKERS MCAT®* — BIOLOGY 1: MOLECULES




Normally, an enzyme governs just one reaction in a series of reactions. In a phe-
nomenon called negative feedback or feedback inhibition, one of the products
downstream in a reaction series comes back and inhibits the enzymatic activity
of an earlier reaction. Negative feedback provides a shut down mechanism for a
series of enzymatic reactions when that series has produced a sufficient amount of
product. Most enzymes work within some type of negative feedback cycle. Posi-
tive feedback also occurs, where the product returns to an earlier step to activate
the associated enzyme. Positive feedback occurs less often than negative feedback.
Positive and negative feedback work in a complementary fashion to ensure that a
reaction series leads to the right amount of product.

Negative feedback inhibition is typical in many amino acid synthesis pathways.
It is wasteful and unnecessary to synthesize amino acids that are readily avail-
able in the environment. Therefore, upstream enzymes involved in a particular
synthetic metabolic pathway typically have allosteric inhibitory sites that bind
the final amino acid product. If the final product is present in the environment, it
acts as an allosteric inhibitor in a negative feedback loop, preventing synthesis of
additional product.

Products that exert negative feedback inhibition do not resemble the substrates
of the enzymes that they inhibit and do not bind to the active site. Instead, they
bind to the enzyme and cause a conformational change. This process is called
allosteric regulation (Greek: allos — different or other, stereos — solid), which
can be exerted by both allosteric inhibitors and allosteric activators. Not all
allosteric inhibitors and activators are necessarily noncompetitive inhibitors (dis-
cussed in the next section), because many alter K,, without affecting V,,,,. Allo-
steric enzymes, meaning enzymes that have sites for allosteric regulation, do not
exhibit typical kinetics because they normally have several binding sites for differ-
ent inhibitors, activators, and even substrates. At low concentrations of substrate,
small increases in concentration increase enzyme efficiency as well as reaction rate.
The first substrate changes the shape of the enzyme, allowing other substrates to
bind more easily. This phenomenon is called positive cooperativity. The oppo-
site phenomenon, negative cooperativity, occurs as well. Cooperativity in the
presence of the allosteric inhibitor is what gives the oxygen dissociation curve of
hemoglobin its sigmoidal shape.

MCAT® THINK

Sometimes the effects of feedback inhibition can seem counter-intuitive.
Glycolysis (described in the Metabolism Lecture) provides an example of
negative inhibition. When there is a buildup of ATP, it exerts negative feed-
back on an enzyme earlier in the glycolytic pathway. This may seem strange

~ because ATP is also a required reactant for the reaction to occur in the first

- place! However, as with all regulatory feedback, the point is to ensure that

the amount of product created is the amount that the cell needs to function. If
the cell has too little ATP it will not have enough energy; however, producing
too much ATP would be a waste of cellular resources.

Hold on! Don’t go overboard

here. You will not be asked to
distinguish allosteric inhibition from
noncompetitive inhibition. Many good
bio texts don't distinguish them, and
the MCAT® certainly won’t. However,
it is crucial to understand negative
feedback. Negative feedback will be
tested on the MCAT®.

J ©

B0
o )
: 51‘/—3
A+B—>C+D-> G
Negative Feedback !

Hemoglobin’s oxygen dissociation
curve is similar to the Michaelis-
Menten curves that you have \
seen throughout this lecture. The
axes are analogous to those of a
Michaelis-Menten curve: instead

of reaction velocity there is oxygen
saturation, and instead of substrate
concentration there is partial
pressure of oxygen. Just as reaction
velocity levels off to a maximum as
high concentrations of substrate are
reached, the oxygen saturation of
hemoglobin levels off at high partial
pressures of oxygen. Expect that
the MCAT® may ask you to apply

your understanding of K, and V,,., to
situations that are more complex
than the typical Michaelis-Menten
curve.
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In order to identify each of the four
inhibitors, think first about where
on the enzyme the inhibitor binds. If
the inhibitor binds to the enzyme's
active site when the substrate

is not bound, it is a competitive
inhibitor. If it binds to an allosteric
site or to the E-S complex, it is one
of the other three types. Next, ask
whether it binds to the enzyme or
to the enzyme-substrate complex.
Aninhibitor that binds only to the
E-S complex is uncompetitive. If it
can bind to either the enzyme alone
or the E-S complex, it is a mixed
inhibitor. A noncompetitive inhibitor
is a special type of mixed inhibitor
that binds with the same affinity
whether to the enzyme alone or to
the E-S complex.

Enzyme Inhibition

Enzyme inhibitors provide an important mechanism for regulation of enzymatic
activity in the body. Some inhibitors bind to the active site, thus blocking the
substrate from binding. Others bind elsewhere on the enzyme and cause a change
in its shape, thus disrupting its specific affinity for the substrate. These general
mechanisms for altering enzymatic activity make regulation by positive and nega-
tive feedback possible.

Enzyme inhibitors can be broadly classified as either irreversible or reversible.
Agents that bind irreversibly to enzymes and disrupt their function are irrevers-
ible inhibitors. Most inhibitors of this type bind to enzymes via covalent bonds,
but a few bind noncovalently. Irreversible inhibitors tend to be highly toxic. Any
of the following types of inhibitors can be irreversible if covalent modification
occurs.

Competitive inhibitors compete with the substrate by binding reversibly with
noncovalent bonds to the active site. They are the only type of reversible inhibi-
tor that binds directly to the active site rather than binding to a different site on
the enzyme. They typically bind directly to the active site for only a fraction of
a second, blocking the substrate from binding during that time. Of course, the
reverse is also true; if the substrate binds first, it blocks the inhibitor from bind-
ing. Thus, competitive inhibitors raise the apparent K, but do not change V,,,.. In
the presence of a competitive inhibitor, the rate of the reaction can be increased
to the original, uninhibited V,,,, by increasing the concentration of the substrate.
However, since an increased concentration of substrate is required to reach V,
an increased concentration is also required to reach %2 V,,,,; thus the K, is raised,
reflecting the lowered affinity of the enzyme for the substrate. The ability to over-
come inhibition by increasing substrate concentration is the classic indication of a
competitive inhibitor.

Types of Enzyme Inhibition

Irreversible inhibition

Competitive inhibition Uncompetitive inhibition

Substrate

Irreversible
inhibitor

Conformational  Substrate bound
change of

enzyme

Substrate

Competitive
inhibitor

Uncompetitive
inhibitor

Mixed inhibition

Noncompetitive inhibition

Substrate bound
Conformational  or not bound
change of

enzyme

Mixed inhibitor

Substrate bound

i vt b Irreversible and reversible inhibition

are broad categories that include
the four major types. For example,
competitive inhibitor can be
reversible or irreversible.

Conformational
change of
enzyme

Noncompetitive
inhibitor
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Competitive inhibitors often resemble the substrate. Sulfanilamide is an antibi- FIGURE 1.17 | Effect of Inhibition on

otic which competitively inhibits a bacterial enzyme that manufactures folic acid,

leading to the death of bacterial cells. Although humans require folic acid, sulfa- Viax and K,

nilamide does not harm humans because we use a different enzymatic pathway to Vo oo Uninhibited

manufacture folic acid. o
Unlike competitive inhibitors, uncompetitive inhibitors bind at a site other

than the active site. Regulatory molecules can also bind to a site other than the

active site and exert a positive feedback effect, rather than an inhibitory effect.

Competitive
inhibition

Reaction rate

1
Uncompetitive inhibitors do not bind to the enzyme until it has associated with Vi
the substrate to form the enzyme-substrate complex. Once the uncompetitive Vimacoofooforders
inhibitor has bound, the substrate remains associated with the enzyme. Thus TV, HA Noncompetitive
the apparent affinity of the enzyme for the substrate increases, meaning that K, inhibition
decreases. Because the uncompetitive inhibitor only affects enzymes that have K,
already bound substrate, adding more substrate does not overcome the affect of the Substrate concentration

inhibitor, and V,,,, is lowered.

Like uncompetitive inhibitors, mixed inhibitors bind at a site on the enzyme
other than the active site and thus do not prevent the substrate from binding. = Inhibitor x-intercept = 1/Kn
. . . === No inhibitor  y-intercept = 1/Vimax
However, their name comes from the fact that they can bind to either the enzyme slope = Ku/V.
alone or the enzyme-substrate complex. Most types of mixed inhibitors have a

preference for one or the other, which dictates the effect on K,, and V,,,.. Mixed |
inhibitors that act like competitive inhibitors by binding primarily to the enzyme 1/V ]
before the substrate is associated increase K, just as competitive inhibitors do. In (
contrast, mixed inhibitors that act more like uncompetitive inhibitors by prefer- L 1
ring to bind to the enzyme-substrate complex lower K,,. All mixed inhibitors ',;.‘ ‘
lower V,,,,, to some extent. ';"/ ‘

Noncompetitive inhibitors are a special type of mixed inhibitors. They bind 18] ‘
just as readily to enzymes with a substrate as to those without. Like other mixed S . -y S
inhibitors, noncompetitive inhibitors bind noncovalently to an enzyme at a spot Competitive inhibition
other than the active site and change the conformation of the enzyme. Because (Kin T, Vinay constant) ‘,
noncompetitive inhibitors do not resemble the substrate, they commonly act on ‘
more than one type of enzyme. Unlike competitive inhibitors, they cannot be
overcome by excess substrate, so they lower V, ... They do not, however, lower the W
enzyme’s affinity for the substrate, so K, remains the same.

"

Know the distinct characteristics of each of the inhibitor types shown in ',"/
Table 1.2: where the inhibitor binds (active site or other site), to what the FAd \
inhibitor binds (enzyme or E-S complex), whether and how it affects the = :
fit of enzyme bound to substrate (fit is inverse to K,,), and how the kinetic 1/18] ‘i
features of the enzyme-catalyzed reaction are affected (V,,.,). Remember: Noncompetitive inhibition ‘1
NOncompetitive inhibitors have NO preference between the enzyme and (Vimae ¥: Kin constant) I
enzyme-substrate complex. As enzyme-substrate fit decreases, K,

|
increases, and vice versa. ‘!
Recognize and reason through the
graphs for each inhibitor type. Use the
graphs to read the effects of inhibition i

TABLE 1.2 > Characteristics of Enzyme Inhibitors

Inhibits on V., and K. Remember, 1/K,, :(
Type of inhibitor | Binding site binding of | Effect on K, | Effect on V.. correlates with enzyme-substrate fit. 3
substrate? Viax fOr any enzyme is its maximum ‘
] rate of catalysis. If you see the linear
Competitive Enzyme (active Yes Increase No change graph, you may need to extend the
site) : . .
L lines to the axes. Think... the lines of
Eﬁ;\competitive E-S complex No Decrease Decrease competitors cross like swords.
Mixed E-S complex or i Increase or Rairahes
! enzyme decrease
& unmpisy o No No change Decrease

enzyme
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10| Enzyme Classification

Look for the “-ase” ending. Often

a seemingly complicated question
about a complex chemical will
depend upon the simple fact that
the chemical is an enzyme, and the
only clue is the “-ase” at the end

of the name. Once you recognize
that the chemical is an enzyme, you
know that it contains nitrogen and
that it is subject to denaturation.
Similarly, many carbohydrates are
easy to recognize by their “-ose”
ending.

As you learn more about the types
of reactions described above in
later lectures and other manuals,
look back to refresh your memory
on which reaction types are
catalyzed by which enzymes.
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Enzymes are named according to the reactions that they catalyze. Very often, the

suffix “-ase” is simply added to the end of the substrate upon which the enzyme

acts. For instance, acetylcholinesterase acts upon the ester group in acetylcholine.
According to systematic naming conventions, enzymes are classified into six

categories:

1. Oxidoreductases catalyze the transfer of electrons or hydrogen ions, i.e.
oxidation-reduction reactions;

o

. Transferases catalyze reactions in which groups are transferred from one
location to another;

3. Hydrolases regulate hydrolysis reactions;

4. Lyases catalyze reactions in which functional groups are added to double
bonds or, conversely, double bonds are formed via the removal of functional
groups;

5. Isomerases catalyze the transfer of groups within a molecule, with the effect
of producing isomers (discussed in the Chemistry Manual);

6. Ligases catalyze condensation reactions coupled with the hydrolysis of high
energy molecules.

One major distinction between classifications is between lyases and ligases. The
particular type of lyase that catalyzes the addition of one substrate to the double
bond of a second substrate is sometimes called a synthase. ATP synthase is an
example of a lyase. Ligase enzymes require energy input from ATP or some other
nucleotide. Ligases are sometimes called synthetases.

Kinases and phosphatases may also come up on the MCAT™. A kinase is an
enzyme that phosphorylates a molecule, while a phosphatase is an enzyme that
dephosphorylates a molecule. Often a kinase phosphorylates another enzyme in
order to activate or deactivate it. Hexokinase is the enzyme that phosphorylates
glucose as soon as it enters a cell (see the Metabolism Lecture to learn how this
phosphorylation assists metabolic processes).

The best way to remember the structures of different types of biological
molecules is to think back from their functions. Carbohydrates need to

be stable, uniform molecules so that they can be used for energy storage
and release by all cells. Similarly, nucleotides have to be stable and highly
organized molecules (including the carbohydrate component) in order to
create a stable structure for genetic material. Carbohydrates and lipids are
both used for energy storage, so they both must have a high density of C-H
bonds. However, lipids are also used to construct membranes, so it makes
sense for them to have a polar end and a nonpolar end. Finally, proteins are
needed for many different functions in the cell, so they need to be able to
have a wide array of possible structures. Thus the building blocks of proteins,
in contrast to nucleic acids and polysaccharides, need to have a large variety
of possible structures. Amino acids meet the needs of proteins through
their R groups that vary in polarity and other structural features.




These questions are NOT related to a passage.

Item 17

Which of the following is (are) true concerning feedback
inhibition?
I. It often acts by inhibiting enzyme activity.
IL. It works to prevent a build up of excess nutrients.
III. It only acts through enzymes.

OA) Ionly
O B) M only
O ) IandIl only
OD) LII and III

Item 18

One mechanism of enzyme inhibition is to inhibit an enzyme
without blocking the active site, but by altering the shape of
the enzyme molecule. This mechanism is called:

OA) competitive inhibition.

O B) noncompetitive inhibition.
O C) feedback inhibition.

O D) positive inhibition.

Item 19

The continued production of progesterone caused by the
release of HCG from the growing embryo is an example of:

OA) positive feedback.

O B) negative feedback.

O Q) feedback inhibition.

O D) feedback enhancement.

Item 20
Peptidases that function in the stomach most likely:

QOA) increase their function in the small intestine due to
increased hydrogen ion concentration.

O B) decrease their function in the small intestine due to
increased hydrogen ion concentration.

O Q) increase their function in the small intestine due to
decreased hydrogen ion concentration.

O D) decrease their function in the small intestine due to
decreased hydrogen ion concentration.

fions 17-24 of 96

Item 21

The rate of a reaction slows when the reaction is exposed
to a competitive inhibitor. Which of the following might
overcome the effects of the inhibitor?

O A) Decreasing enzyme concentration

O B) Increasing temperature

O C) Increasing substrate concentration

O D) The effects of competitive inhibition cannot be
overcome.

Item 22

Suppose that an enzyme inhibitor lowers V.., and has no
effect on K,,. This inhibitor is likely to be:

OA) Uncompetitive
O B) Proteolytic

O C) Noncompetitive
O D) Mixed

Item 23

Which of the following is necessary for an enzyme to exhibit
positive and/or negative cooperativity?

OA) The presence of a mixed inhibitor
O B) Multiple binding sites on the enzyme
O C) A high concentration of substrate
O D) Positive and/or negative feedback

Item 24

Why do uncompetitive inhibitors cause a decrease in K,,?

OA) The enzyme’s apparent affinity for the substrate is
decreased.

O B) The enzyme’s apparent affinity for the substrate is
increased.

O C) Uncompetitive inhibitors bind to the enzyme only
before it binds substrate.

O D) Uncompetitive inhibitors do not actually cause a
decrease in K.

STOP
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TERMS YOU NEED TO KNOW

a-helix

b-pleated sheet

Y2 Vinax

Active site

Adenine (A)

Adipocytes

Allosteric activators
Allosteric inhibitors
Allosteric interactions
Allosteric regulation
Amide

Amino acids
Amphipathic
Antiparallel

ATP (adenosine triphosphate)
Base-pairing

Base-pairs (bp)
Carbohydrates

Catalyst

Cellulose

Coenzymes

Cofactor

Competitive inhibitors
Complementary strands
Conformation

Cysteine

Cystine

Cytosine (C)
Dehydration

Denatured

DNA (deoxyribonucleic acid)
Double helix

Double stranded DNA
Entropy

Enzyme specificity
Enzyme-substrate complex
Enzymes

Fat-soluble vitamins
Fats

Fatty acids

Feedback inhibition
Glucose

Glycerol

Glycogen

Guanine (G)

Hexoses

Hydrogen bonding
Hydrolases

Hydrolysis
Hydrophilic
Hydrophobic
Hydrophobic bonding
Induced fit model
Irreversible inhibitors
Isomerases

K

Ligases

Lipids

Lock and key model
Lyases

Michaelis constant
Minerals

Mixed inhibitors
Monosaccharides
Negative cooperativity
Negative feedback
Noncompetitive inhibitors
Nucleic acids
Nucleoside
Nucleotides
Oxidoreductases
Phosphatids
Phosphodiester bonds
Phospholipids

DON'T FORGET YOUR KEYS

Polypeptides
Polysaccharides
Positive cooperativity
Positive feedback
Primary structure
Proline

Prostaglandins

Purines

Pyrimidines
Quaternary structure
RNA (ribonucleic acid)
Saturated fatty acids
Saturation kinetics
Secondary structure
Side chain

Single stranded RNA
Solvation layer
Sphingolipids

Starch

Steroids

Substrates
Sugar-phosphate backbone
Tertiary structure
Thymine (T)
Transferases
Triacylglycerols
Triglycerides
Uncompetitive inhibitors
Unsaturated fatty acids
Uracil (U)

Vitamins

Water

Water-soluble vitamins
Watson-Crick model
Waxes

Vmax
Zymogen

1. Each category of biological molecule has a "personality" - think
structure and polarity - that matches its practical uses in living

organisms.

2. Enzyme-substrate fit correlates with enzyme effectiveness and a

lower K....

3. Competitive inhibitors block the active site; noncompetitive
inhibitors bind to a separate site, changing the shape of the active
site; uncompetitve inhibitors bind the enzyme-substrate complex,
decreasing the concentration of substrate that can react.
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21 | Introduction

The study of genetics is central to understanding life forms: how they develop,
" how they function, how they reproduce, and how a species survives. Genes deter-
mine what proteins are created on a moment to moment basis for living organ-
isms. The genome is, therefore, an essential contributor to both the regulation of
processes within the body and to inheritance. This lecture will discuss the prima-
ry functions of genetic material, which include 1. coding for products necessary
within the lifetime of an organism, 2. passing information between cells, and 3.
passing information from one generation to the next. While the genome contains
avast wealth of information, the way a cell uses this information to make products
is flexible, varying with the environment and needs of the cell. When considering
the processes that lead to gene expression, location can be used as orienting tool.
In eukaryotes, but not prokaryotes, the nuclear membrane separates the processes
of transcription and translation in both space and time, which allows step-by-step
regulation of gene expression.

This lecture will first introduce the basics of genetics, including the genome
and the definition of a gene. It will then discuss the organization of genetic mate-
rial and how that organization is involved in regulation. Next, the lecture will
cover transcription and translation, the major processes involved in producing
products based on the genome.

The passing of genetic information to new cells via cell division will be dis-
cussed, along with the errors that can occur. Finally, the lecture will address the
passing of genetic information from one generation to the next. Throughout the
lecture, environmental influences and regulation of genetic expression will be
emphasized.

llook good
in genes...
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1. DNA is potential; RNA
is regulation; protein is
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3. See mitosis, think
replication; see meiosis,
think reproduction.




The MCAT® will test your knowledge
of genetics as a system of regu-
lated gene expression. Keep in mind
that gene expression is dynamic;

it is constantly changing based on
the environment and an organism’s
needs.

The C

Epigenetic changes influence

how the cellular machinery reads
the genome. They can act like
bookmarks saying “Read here!” or
“Don’t read here!” depending on the
chemical signals present.
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22 |The Genome and Regulation

Genetic information is a mechanism of regulation; it provides the tools necessary
for the moment to moment cellular processes that help cells survive in fluctuating
environments. In addition, it allows these processes and adaptations to be passed
on to future generations. Thus, genes are crucial for both the passing of hereditary
traits and the cellular activities of an organism's lifetime.

Genetic information exhibits a remarkable amount of similarity among living
organisms. Variation of the nucleotide sequence among humans is small; human
DNA differs between individuals at approximately 1 nucleotide out of every 1200,
or about 0.08%. Humans share about 98% of their nucleotide sequence with chim-
panzees, about 60% with a fruit fly, and about 50% with a banana! These similari-
ties exist because the genetic language necessary to carry out the basic processes of
life is universal. The amount of uniformity found in genomes of living organisms
also demonstrates that small changes in the DNA sequence can make a significant
difference. Additionally, differences between organisms are caused not just by
variation in their nucleotide sequences, but also differences in the regulation of
how those sequences are expressed. In other words, the sequence of nucleotides
alone does not determine what an organism is like; how and when a sequence is
read is also important. There is an enormous amount of variability in how the
genetic code of an organism can be expressed in response to its environment. Even
if certain genes are present, they may never be expressed during an organism's
lifetime. Therefore, understanding the regulation of gene expression is critical to
the study of genetics.

The versatility of the genetic code is best understood by first distinguishing
between genetics and epigenetics. The raw material of genetics, the genome, is
the complete sequence of nucleotides of the genetic material. The genome is usu-
ally DNA but can be RNA in some viruses. (See the Biological Molecules and
Enzymes Lecture for a review of DNA and RNA structure.) These sequences of
nucleotides comprise a huge repository of information. By reading the genome,
the cellular machinery is able to make all of the proteins and products that sustain
life. However, this process is not like reading a book cover to cover. The cell can
create different products and different amounts of those products from the same
single genetic code in response to the cellular environment. Changes in the kind
or amount of gene products are not due to changes in the genome; instead, they
depend on how the genome is read by the cellular machinery. The importance of
being able to alter the expression of the genes in a genome is illustrated by con-
sidering how many different types of cells there are in a human body. Each cell
contains the same complete genome, yet some cells become bone while others
become muscle, liver, etc. Regulation affects which genes from the genome are
expressed, and the products of that gene expression affect the cell’s function and
identity.

The concept of epigenetics explains how some of these changes in gene
expression take place. Epigenetics (Greek: epi — around) is a term used to describe
changes that are made around the genome that do not alter the actual nucleo-
tide sequence. These changes instruct the cellular machinery how to read

the genome, thereby altering gene expression. Epigenetic changes do not
change the genome itself. Epigenetics include changes such as the attach-
ment of chemical markers to the genome, histone protein modification,
and use of non-coding RNAs to influence gene expression. These topics
will be discussed in greater detail later within this lecture. The purpos

of epigenetic control is to provide a system of regulation that allows gen
expression to adapt to the needs of the organism. Epigenetic control of gen
expression changes continually, allowing gene expression to adapt to chang
in the organism’s internal and external environment. In addition to changin;
gene expression throughout the lifetime of an individual, epigenetic chemical



Epigenetic factors

Stem cell
(one genome)

Many possible outcomes

Epigenetic Regulation

markers and histone modifications can be passed down from one generation to
the next.

The genetic sequence is often thought of as a set of functional units called
genes. For the MCAT?™ it is best to consider the definition of a gene in terms of
its functions. A gene is a nucleotide sequence that can code for a certain product
or set of products depending on factors such as alternative splicing and protein
modification, which will be discussed later in this lecture. A gene is also a unit of
heredity — a sequence of nucleotides that codes for a trait, meaning a genetically
influenced characteristic.

Within a cell’s lifetime, the function of the genome is to code for the products,
usually proteins, that are necessary for cellular processes. The Central Dogma of
gene expression is that DNA is transcribed to RNA, which is translated to amino
acids to form a protein. All living organisms use this method to express their
genes. Retroviruses (which are not living organisms) store their information as
RNA and must first convert their RNA to DNA in order to express their genes.

This lecture discusses how the genetic code performs its three major functions:
1. coding for necessary products during the lifetime of a cell, 2. copying genetic
information for the creation of new cells within an organism, and 3. passing on
genetic information to the next generation.

The Central Dogma

You may encounter the term
epigenome, which encompasses

all of the epigenetic changes that
affect gene expression. However,
keep in mind that the epigenome is
not a physical structure, but rather
an ongoing process of regulation.

Don’t worry too much about the
precise definition of a gene. For
now, just remember that genes
are sequences of nucleotides that
code for protein products and
that the way these sequences are
read affects which products are
created.
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2.3 |Organization of Genetic
Material

Knowledge of the general structure and vocabulary of
genetic material provides a base for the study of genetics.
The Biological Molecules and Enzymes Lecture discusses
the general structure of DNA and RNA nucleotides, how
those nucleotides are joined together through phosphodies-
ter bonds to form single-stranded nucleic acid sequences, and
how complementary sequences of single-stranded DNA join
in an antiparallel fashion to form double-stranded DNA. All
living organisms have double-stranded DNA as their genetic
material.

Chromosomes as a System of Organization

In eukaryotic cells, double-stranded DNA sequences are
arranged into chromosomes (Greek: chroma — color, soma
— body). This compact organization is necessary because of
the large size of eukaryotic genomes. If a double strand of all
the DNA in a single human cell were stretched out straight,
it would measure around 5 feet in length. Of course, the
nucleus of the cell is much smaller than this! Chromosomes
allow the genome to be compressed and organized.

A chromosome consists of compactly wrapped DNA
and protein in a hierarchy of organizational levels. The
sections of DNA that are not in use are wrapped tightly
around globular proteins called histones. Histones have
basic functional groups that give these proteins a net posi-
tive charge at the normal pH of the cell (see the discussion
of the isoelectric point in the Acids and Bases Lecture of
the Chemistry Manual). The net positive charge attracts the
negatively charged DNA strands and assists in the wrap-
ping process. Eight histones wrapped in DNA form a
nucleosome. Nucleosomes, in turn, wrap into coils called
solenoids, which wrap into supercoils. The entire DNA/
protein complex (including a very small amount of RNA)
is called chromatin (Greek: chroma: color). By mass, chro-
matin is about one third DNA, two thirds protein, and
a small amount of RNA. Chromatin received its name
because the large amount of basic amino acid content in
histones allows chromatin to absorb basic dyes.

Not all chromatin is equally compact. The cellular
machinery that “reads” the genetic code can only act on
chromatin that is uncoiled. Thus the structure of chromatin
influences gene expression and is influenced by epigenetic
regulation. Chromatin that is tightly condensed in the man-
ner described above is called heterochromatin (Greek: het-
eros — other). Some chromatin, called constitutive heterochro-
matin, is permanently coiled. To manufacture the products
encoded in a nucleotide sequence, the chromatin containing
that section of the genome must be uncoiled. When chro-
matin is uncoiled and able to be transcribed (a process that
will be further described later in this lecture), it is called
euchromatin (Greek: eu — well or properly). Euchromatin
is only coiled during nuclear division. Nucleotide sequenc-




es that code for protein products often contain single copy DNA, which are
nucleotide sequences represented by only one copy of a nucleotide sequence, and
are associated with regions of euchromatin that are being actively transcribed. In
contrast, non-coding regions of DNA (found only in eukaryotes) often contain
repetitive DNA, which has multiple consecutive copies of the same nucleotide
sequence and remains tightly coiled in regions of heterochromatin.

In animals, DNA is found only in the nucleus and the mitochondria.

Regulation of Chromatin Structure

Because the structure of chromatin is important in determining which sequences
of DNA are transcribed, the coiling and uncoiling of chromatin is highly regu-
lated by epigenetic controls according to the needs of the cell.

Chemical changes to histone proteins help control which sections of DNA are
tightly wound and which are accessible to cellular machinery. Chemical epigen-
etic changes can also control which coding sequences are unwound and tran-
scribed. The most common example of epigenetic regulation through chemical
change is DNA methylation, which involves the addition of an extra methyl
group to particular cytosine nucleotides. Methylation causes DNA to be wound
more tightly. Methylated sections are inaccessible to cellular machinery and can-
not be transcribed, so the expression of genes in these sections is reduced. Sec-
tions of RNA that do not code for protein products, called non-coding RINA
(ncRINA), contribute to the regulation of the chemical changes that affect chro-
matin structure.

DNA Methylation

E Unmethlyated Cytosine Methylated Cytosine
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Methyl group —_
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DNA wound normally DNA wound more
around histones tightly around histones

Transcription proceeds;
Genes expressed

Transcription is impeded;
Gene expression is reduced

Patterns of DNA methylation

can be inherited from previous
generations. There is increasing
evidence that the life experiences
of your ancestors can affect
gene expression in your lifetime.
Inherited epigenetic changes

can make people more prone

to conditions such as asthma,
obesity, and anxiety.
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Chromosomes and nucleus stained to
visualize individual chromosomes. ;

Chromosomal Vocabulary

Inside the nucleus of a human somatic cell, there are 46 double-stranded DNA
molecules. The chromatin associated with each one is wound into a chromosome.
In human cells, each chromosome possesses a partner that codes for the same traits

as itself. Two such chromosomes are called homologues (Greek: homologein — to

]
|
agree with, homo — same, logia — collection). Humans possess 23 homologous 5
pairs of chromosomes. Although the traits are the same (e.g. eye color), the actual §
genes may code for different versions of the trait (e.g. blue vs. brown). Different
forms of the same gene are called alleles, as will be discussed in greater detail later §
in this lecture. Any cell that contains homologous pairs of chromosomes is said to
be diploid (Greek: di- — twice). Any cell that does not contain homologues is said

to be haploid (Greek: haploos — single or simple).

Chromosomes

) ] Bl Maternal chromosome
Diploid means that the cell has Bl Paternal chromosome Still a single

homologous pairs. It's that chromosome ‘
simple. Diploid = homologues. '

The tricky question about
chromosomes is, “How many are
there?” In the nucleus of a human
cell, there are 46 chromosomes
before replication, and 46
chromosomes after replication.
The replicated and un-replicated
versions of a chromosome are
each considered to be a single
chromosome. The duplicates One pair of Still one pair of

can be referred to separately as homologous homologous
sister chromatids chromosomes chromosomes

Replication
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These questions are NOT related to a passage.

Item 25

Which of the following is NOT a major function of
genetic information that is necessary for the survival of an
individual organism?

OA) Coding for necessary protein products

O B) Coding for necessary non-protein products
O C) Passing genes to future generations

O D) Passing genetic information to new cells

tem 26

Which of the following best describes the relationship
between genetic sequence and the environment?

OA) Environmental factors affect gene expression only
when they act at the level of translation.

O B) Because genetic differences between living
organisms are negligible, environmental effects
play a large role in producing phenotypic
differences.

O C) Not all genes in the genome are expressed.

O D) An organism can create different products
or amounts of products in response to the
environment.

Item 27

Which of the following statements about the genome is
inaccurate?

OA) The genome can be changed by environmental
influence through epigenetic alterations.

O B) The genome can be read in variable ways to
produce different products.

O C) The genome can be composed of DNA or RNA.

O D) In multi-cellular organisms, different types of cells

can read the genome differently.
 [liem 28

Epigenetic changes are one way the environment influences
gene expression. Which of the following is NOT an example
of an epigenetic change?

OA) A methyl group is added to a cytosine residue in
the DNA sequence.

O B) A methyl group is added to a lysine within a
histone protein.

O C) ncRNAs influence chromatin structure.

O D) Mutagens in the environment cause the creation of
a new single nucleotide polymorphism.

Item 29

Scientists studying an autoimmune disease in mourning
doves find that activation of a certain area of their genome
(Section X) up-regulates the products of a gene (Gene Y)
located downstream, and that the products of Gene Y caused
increased symptoms of the disease examined. Increased
DNA methylation of Section X would most likely result in
which of the following?

O A) Activation of Section X and decreased disease
symptoms

O B) Inactivation of Section X and decreased disease
symptoms

O C) Activation of Section X and increased disease
symptoms

O D) Inactivation of Section X and increased disease
symptoms

Item 30

Which of the following correctly indicates increasing levels
of complexity in the organization of genetic information
around protein complexes?

O A) Histones — Nucleosomes — Chromatin —
Chromosomes

O B) Nucleosomes — Histones — Chromatin —
Chromosomes

O C) Histones — Nucleosomes — Chromosomes —
Chromatin

O D) Nucleosomes — Histones — Chromosomes —
Chromatin

Item 31

Which of the following is NOT true regarding nuclear DNA
and its associated proteins?

O A) Nucleosomes provide the structure for DNA to
form into solenoids and supercoils.

O B) Histones contain basic functional groups that result
in a net positive charge.

O C) Constitutive heterochromatin is transcribed by
cellular machinery.

O D) By mass, chromatin contains more protein than
DNA.

Item 32

Which of the following is true regarding chromosomes?

O A) The number of chromosomes in a human cell
doubles during replication.

O B) Diploid cells lack homologous chromosomes.

O C) Homologous chromosomes can contain different
alleles.

O D) Chromosomes only form prior to transcription.

STOP

LECTURE 2: Genetics 35



In eukaryotes, nuclear DNA cannot
leave the nucleus and mitochondrial
DNA cannot leave the mitochondrial
matrix. Eukaryotic transcription
takes place only in these two
places.

24 | Transcribing DNA to RNA

A major function of the genome is to code for the products (usually proteins) that
are necessary for cells to carry out the processes of life. Most cells spend the major-
ity of their lives in the non-growing phase of G,. Far from being a period of rest as
the name implies, during Gy, cells are busy serving their various functions within
the body and producing proteins for this purpose. Although cells manufacture
protein products throughout the cell cycle, most production takes place during G,
when the cell is not exerting energy in self-replication.

Genes undergo transcription and translation in order to make products. Tran-
scription is the process by which RNA is manufactured from a DNA template.
During transcription, an RNA transcript, which essentially copies the informa-
tion in DNA, is created. Different genes can code for different types of RNA
including ribosomal RNA (rRINA), transfer RNA (tRNA), small nuclear RNA
(snRINA), and messenger RNA (mRNA). Some of these RNAs, such as rRNA,
tRNA, and snRNA, are functional end products that serve important purposes
in the cell. However, a large portion of the RNA transcribed is mRNA, which
serves as the "message" that is translated for protein production.

The Cell Life Cycle

G, checkpoint

M checkpoint

G, checkpoint

To produce proteins, transcribed mRNA must undergo the process of transla-
tion. Translation takes the nucleotide sequence of the RINA transcript and trans-
lates it into the language of amino acids, which are then strung together to form
a functional protein. Recall from the Biological Molecules and Enzymes Lecture
that proteins form the basis of many cell structures and regulate practically all cel-
lular processes. Creating proteins through transcription and translation is essential
to the processes of life.

Transcription

The purpose of transcription is to create an RNA copy of a DNA template. Tran-
scription s itself a form of regulation of gene expression. If transcription did not
exist, and instead the whole genome was translated directly into proteins, every
cell in an organism would be the same. Instead, only DNA which has first been
transcribed into RINA has the opportunity to be translated into a protein.
Transcription includes three main stages: initiation, elongation, and termina-
tion. The beginning of transcription is called initiation. In initiation, a group
of DNA binding proteins called transcription factors identifies a promoter on
the DNA strand. A promoter is a sequence of DNA nucleotides that designates
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a beginning point for transcription. At the promoter, the transcription factors
assemble into a transcription initiation complex, which includes the major enzyme
of transcription, RNA polymerase. Promoter sequences help regulate where on
the genome transcription can take place and how often certain sequences are
transcribed. Promoter regions of DNA have some sequence variability, which
serves a regulatory function. The most commonly found promoter nucleotide
sequence recognized by a given species of RNA polymerase is called the consensus
sequence. Variation from the consensus sequence causes RNA polymerase to bond
less tightly and less often to a given promoter, which leads to the associated genes
being transcribed less frequently. l

After binding to the promoter, RNA polymerase unzips the DNA double helix,
creating a transcription bubble. Next the complex switches to elongation mode. In
elongation, RNA polymerase transcribes only one strand of the DNA nucleo-
tide sequence into a complementary RNA nucleotide sequence. The transcribed
strand is called the template strand or (=) antisense strand. The other strand, called
the coding strand or (+) sense strand, protects its partner against degradation. RNNA
polymerase moves along the DNA strand in the 3° — 5" direction, building the
new RNA strand in the 5" — 3" direction. There is no proof-reading mechanism
that corrects for errors in the transcription process. (Errors in RNNA are not called
mutations, unlike errors in DNA.) Errors created in RINA are not transmitted to
progeny. Most genes are transcribed many times in a cell’s lifetime, so errors in
individual instances of transcription are not generally harmful.

The end of transcription is called termination, which occurs when a specific
sequence of nucleotides known as the termination sequence is reached. It can also
involve special proteins, known as Rho proteins, that help to dissociate RNA poly-
merase from the DNA template.

Transcription

RNA polymerase Promoter

@ RNA polymerase looks for the promoter on DNA.

Start signal

T

Consensus sequence

Only the template strand of the
DNA double helix is transcribed.
The sequence of the coding strand
resembles the sequence of the
newly synthesized mRNA. Recall
from the Biological Molecules
and Enzymes Lecture that one
of the major differences between
DNA and RNA is that DNA is
double-stranded while RNA is
5 single-stranded. Make sure
you understand that both the
coding strand and the mRNA are
3 complementary to the template
strand. You could see a question
Elongation site about this on the MCAT®.

Nascent RNA

@ A transcription bubble is formed and elongation begins.
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Use the simpler model of the
prokaryotic genome to gain a basic
understanding of the actions

of activators and repressors.
Know that eukaryotes also

have activators and repressors
along with many other forms of
regulation for gene expression.

Most genetic regulation occurs at
the level of transcription. In other
words, the amount of a given type
of protein within a cell is likely to be
related to how much of its mRNA
is transcribed. One reason for this
is that mRNA has a short half-

life in the cytosol, so soon after
transcription is completed, the
mRNA is degraded and its protein
is no longer translated. Also, many
proteins can be transcribed from a
single mRNA, creating an amplifying
effect.

Gene for CAP
repressor protein binding
site

Promoter for
lac operon

Transcription is the main level of activation or deactivation of genes. In both
prokaryotic and eukaryotic cells, regulation of gene expression occurs at the
level of transcription via proteins called activators and repressors. Activators and
repressors bind to DNA close to the promoter and either activate or repress the
activity of RNA polymerase. Activators and repressors are often allosterically
regulated by small molecules such as cAMP. Gene regulation in eukaryotes adds
complexity by involving the interaction of many genes and other proteins called
enhancers. Because of this, more room is required than is available near the
promoter. Enhancers are short, non-coding regions of DNA found in eukaryotes.
They function similarly to activators but act at a much greater distance from the
promoter.

Regulation of Transcription in Prokaryotes

Although regulation of gene expression occurs in both prokaryotes and eukary-
otes, it serves different purposes. The primary function of gene regulation in
prokaryotes is to respond to changes in the environment, such as changes in the
concentration of specific nutrients in and around the cell. In contrast, the mainte-
nance of homeostasis, or a stable and unchanging state of the intracellular and extra-
cellular compartments, is the hallmark of multicellular organisms. The primary
function of gene regulation in multicellular organisms is to control the intra- and
extracellular environments of the cell.

Prokaryotic mRNA typically includes several genes in a single transcript
(polycistronic), whereas eukaryotic mRNA includes only one gene per transcript
(monocistronic). In the Jacob-Monod model of prokaryotic genetic regulation, the
genetic unit consisting of the operator, promoter, and genes that contribute to a
single prokaryotic mRNA is called the operon. A well-studied and commonly
used example of an operon is the lac operon in the species E. coli. E. coli generally
prefer to use glucose as a fuel source when it is present in the environment. The
lac operon codes for enzymes that allow E. coli to import and metabolize lactose
when glucose is not present in sufficient quantities. The lac operon is activated
only if both of two conditions are met: 1. glucose is scarce and 2. lactose is pres-
ent. Low glucose levels lead to high cAMP levels. cAMP binds to and activates
a catabolite activator protein (CAP). The activated CAP protein binds to a CAP site
located adjacent and upstream to the promoter on the lac operon. In an example of
positive control, CAP activates the promotor, allowing the formation of an initia-
tion complex and the subsequent transcription and translation of three proteins. A
second regulatory site on the lac operon, called the operator, is located adjacent and
downstream to the promoter. When lactose is not present in the cell, a lac repres-

Structure of Lac Operon

Operator

Promoter
for I gene—\’/v( I
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T
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sor protein binds to the operator site and prevents transcription of the lac genes,
thereby preventing gene expression. This process is called gene repression. When
lactose is available, it will bind to the lac repressor protein, making that protein
unable to bind to the operator site. Without inhibition from the repressor protein,
transcription of the lac genes can proceed. The presence of lactose can therefore
induce the transcription of the lac operon only when glucose is not present. The on one mRNA. Genes outside the

- promoter and gene for the lac repressor are located adjacent and upstream to the operon may code for activators and
CAP binding site. FERrassars.

An operon is a sequence of bacterial
DNA containing an operator, a
promoter, and related genes. The
genes of an operon are transcribed

25 |[Modification of RNA

~ When transcription is complete, the RNA products of transcription are modi-
~ fied by the cell. In addition to epigenetic modifications, the post-transcriptional
- modification of RNA is one of the major means through which gene expression is
regulated. Post-transcriptional processing of RNA occurs in both eukaryotic and
prokaryotic cells. In eukaryotes, each type of RNA undergoes post-transcription-
al processing. Modifications to RINA transcripts, particularly to mRNA strands
prior to translation, allow the cell to employ additional methods of gene regula-
- tion, which will be further described below. In prokaryotes, rRNA and tRNA
~ go through post-transcriptional processing, but almost all mRNA is translated
- directly to protein.

Post-transcriptional modification
of mRNA only occurs in the nucleus
in eukaryotes. The bacterial genome
does not contain introns.

Post-transcriptional Processing of mRNA in Eukaryotes

In eukaryotes, the initial mRNA nucleotide sequence arrived at through tran-
 scription is not ready to be translated into proteins until it has first been modified
by the cell. The initial RINA nucleotide sequence arrived at through transcription
~is called the primary transcript (also called pre-mRNA, or heterogeneous nuclear
" RNA [hnRNA]). The modifications that change a primary transcript into a final,
- processed mRINA serve several purposes. These include: helping the molecules
that initiate translation recognize the mRNA, protecting the mR NA from degra-
dation, eliminating extraneous sequences of nucleotides from the transcript before
translation, and providing a mechanism for variability in protein products pro-
“duced from a single transcript.

Post-transcriptional processing includes modification of both ends of an mRNA
sequence. Even before the eukaryotic mRNA 1s completely transcribed, its 5” end
15 capped in a process using GTP. The 5 cap serves as an attachment site in protein
synthesis during translation and as a protection against degradation by enzymes
 that cleave nucleotides, called exonucleases. The 3" end of the transcript is similarly
protected from exonucleases by the addition of a long series of adenine nucleo-
tides. When this poly A tail has been added, the 3" end is said to be polyadenylated.
The primary transcript is much longer than the mRNA that will be translated
into a protein. Before leaving the nucleus, portions of the primary transcript are
excised and discarded through the process of splicing. The portions of transcript
that are removed are called introns, while the portions that become part of the
mature mRINA and will code for proteins are called exons. Introns are gener-
ally much longer than exons. They do not code for proteins and are degraded
‘within the nucleus. The process of splicing removes introns from the primary
transcript and joins the ends of the exons together to form one, uninterrupted
coding sequence of mRINA. The mechanism of splicing involves several small
nuclear ribonucleoproteins (sn RNPs, “snurps”). Each snRNP contains both an
assortment of proteins and snRNA. During the splicing process, snRINA acts as a
‘ribozyme — an RNA molecule capable of catalyzing specific chemical reactions.
(Note that this is one of the few enzymes that is not a protein.) Splicing occurs
when snRINPs recognize nucleotide sequences at the ends of the introns. The
snRNPs pull the ends of the introns together, forming an intron loop or lariat.

Biological Molecules

and EanmeS
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Introns

The complex formed from the association of the snRNPs and
additional associate proteins is called a spliceosome. The spli-

Modified mRNA before splicing

ceosome excises the introns and joins the ends of the exons
together to form the single mRNA strand that ultimately
codes for a polypeptide.

o Apjziial\l Remember that, in general, INtrons remain IN the nucleus,
R g™ By ' and EXons EXit the nucleus to be translated.

W

R Exon 1 (B Exon 2 7 3' Eukaryotic cells exert control over gene expression and add

to the variety of protein products possible through the process

of alternative splicing, one of the major mechanisms in the

regulation of eukaryotic gene expression. Alternative splicing

Splicing allows the cell to incorporate different coding sequences

into the mature mRNA. This highly regulated process can

create a variety of mRINA molecules for translation from a

Cut intron single DNA coding sequence. The mechanisms for creating

with snRNPs this variability include omitting certain exons, incorporating

certain introns, and utilizing variable splicing sites. Increasing

5! 3 evidence indicates that introns play an important function in

.m determining gene expression. The nucleotide sequences in

both introns and exons determine the different ways a primary

transcript may be spliced. Furthermore, sequences that contain
introns are associated with amplified protein production

Mature mRNA

(] il

Exon 1 Exon 2

compared to sequences that lack introns. Alternative splicing,
together with other eukaryotic techniques such as the use
of alternative promoter sites or terminating transcription at
different sites, allows the cell to create a vast variety of proteins

Introns play a role in determining
possible splicing patterns and
promoting protein production.
Because of their functional
significance, many introns are highly
conserved between species.
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from a relatively limited number of protein-coding nucleotide

sequences. Although the human genome is estimated to

contain only 20,000-25,000 protein-coding gene regions, it
can code for more than 100,000 proteins. Alternative splicing is an important
contributor to this diversity of protein products.

One reason there are more proteins than genes is that different splicing
patterns of the same gene can create different polypeptides.

Transcription and post-transcriptional modifications take place in the nucleus
of eukaryotes. The spatial separation between transcriptional and translational
processes provided by the nuclear membrane is a form of regulation in eukaryotes.
This separation allows the RNA transcript to be modified before it leaves the
nucleus and before translation can begin. In contrast, prokaryotes have no nuclear
membrane. The lack of spatial separation means that prokaryotes can carry out
transcription and translation concurrently and that they do not modify RNA
transcripts prior to the start of translation.

2.6 | Translating RNA to Protein

Making Sense of the Genetic Code

When post-transcriptional processing is finished, a mature mRNA is ready for
translation. Translation is the process through which a cell creates the protein
products that are necessary to carry out the processes of life. As described earlier
in the lecture, it involves the “translation” of the nucleotide sequence of mRNA
into the amino acid sequence of the corresponding protein.
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During the process of translation, the information contained in mRNA
is used as a set of instructions to create a specific polypeptide chain. mRNA
nucleotides are strung together to form a genetic code consisting of four different
nucleotides, as described in the Biological Molecules and Enzymes Lecture. In
nature, there are approximately 20 different amino acids that commonly make
up functional proteins. The four RNA nucleotides (adenine, guanine, cytosine,
and uracil) together must create a language that unambiguously codes for each of
these common amino acids. The genetic code of mRNA accomplishes this task by
- using a series of three nucleotides to code for each amino acid — a system known
as the triplet code. Some quick math reveals why sets of three nucleotides are
needed. Because there are only four kinds of nucleotides, if each nucleotide coded
for a different amino acid, only four amino acids would be possible. The number
of possible combinations from a set of two nucleotides, where each nucleotide
might contain any one of the four nitrogenous bases, is 4° = 16, which is still
not enough to code for the 20 amino acids (see Table 2.1). Therefore, the code
must use a combination of three nucleotides for each amino acid. However, the
number of possible combinations of any three nucleotides gives 4’ = 64, which is
greater than the number of amino acids. The genetic code is therefore said to be
degenerative, which means that more than one series of three nucleotides may
code for the same amino acid. However, any single series of three nucleotides will
code for one and only one amino acid. Therefore the code is also unambiguous.
The use of three nucleotide series to code for a single amino acid works well and
is highly conserved. The codes shown in Table 2.2 are almost universal; nearly
every living organism uses these same codes to translate mRINA sequences into
strings of amino acids.

TABLE 2.1 > Nucleotides in Pairs
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Memorize the start codon, AUG,
and the stop codons UAA, UAG, and
UGA. It is necessary to understand
that a single codon (such as GUC)
always codes for only one amino
acid, in this case valine; but that
there are other codons (GUU, GUA,
GUG) that also code for valine.

The first part of this means that
the code is unambiguous, and the
second part means that the code
is degenerative. Finally, understand
probabilities, such as figuring out
how many possible codons exist.
As discussed above, four possible
nucleotides can be placed in each of
3 positions, giving 4° = 64.

Try this: A polypeptide contains
100 amino acids. How many possi-

ble amino acid sequences are there
for this polypeptide?

Answer: See page 63.

Three consecutive nucleotides on a strand of mR NA comprise a codon. All but
three possible codons code for amino acids. The remaining codons, UAA, UGA,
and UAG, are stop codons (also called termination codons). Stop codons signal
an end to protein synthesis. The start codon (also called the initiation codon),
AUG, indicates where translation will begin. The start codon codes for the amino
acid methionine, which is always the first amino acid incorporated into a poly-
peptide during protein synthesis. By convention, a sequence of RNA nucleotides
is written 5— 3",

TABLE 2.2 > The Genetic Code

First Second position Third
position position
5 end l , ( : A ( : q end
he Ser Tyr U
--—-
U eu Ser STOP STOP A

(@)

———
—--——
——-—
m————
—————

G ---_-
-_-

3! > Kel C K21 > el C 21 > Kel C

The genetic code is given in Table 2.2. Be certain that you caninterpret

this table. For instance, the codons for lysine (Lys) are AAA and AAG.
Understand that more than one codon can code for the same amino acid. It is
not necessary to memorize which codons code for which amino acids.

Translation

Translation is the process by which the cellular machinery “reads” the mRNA
transcript and translates it into a polypeptide. Each of the three major types of
RNA plays a unique role in translation. mRNA is the template which carries
the genetic code from the nucleus to the cytosol in the form of codons. tRINA
plays a vital role in actually rendering the triplet code of the mRNA into a
specific amino acid sequence. Each tRNA molecule has two distinct ends. One
end contains a series of three nucleotides, called an anticodon, which will bind
to the complementary codon sequence on mRNA. The other end of the tRNA
carries the amino acid that corresponds to that codon, which can be added to
a growing polypeptide chain as tRNAs bind to the codons along the mRNA
strand (Figure 2.12). The first two base pairs in the codon and anticodon must
be strictly complementary (A with U and C with G). However, there is some
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flexibility in bonding at the third base pair position. This flexibility is called
wobble pairing and helps explain why multiple codons can code for the same
amino acid.

All translation takes place using a specialized organelle called a ribosome.
Ribosomes may be free-floating in the cytosol or attached to the outer surface
of the endoplasmic reticulum to form rough ER, as described in the Cell Lec-
ture in Biology 2: Systems. A ribosome is composed of a small subunit and a large
subunit made from rRNA and many separate proteins. The ribosome and its sub-
units are measured in terms of sedimentation coefficients given in Svedberg units (S).
The sedimentation coefficient gives the speed of a particle in a centrifuge and is
proportional to mass and related to shape and density. Prokaryotic ribosomes are
smaller than eukaryotic ribosomes. Prokaryotic ribosomes are made from a 30S
and a 50S subunit and have a combined sedimentary coefficient of 70S. Eukaryotic
ribosomes are made of 40S and 60S subunits and have a combined sedimentary
coefficient of 80S. The complex structure of ribosomes requires a special organelle
called the nucleolus in which to manufacture them. (Prokaryotes do not possess
anucleolus, but synthesis of prokaryotic ribosomes is similar to that of eukaryotic
ribosomes.) Although the ribosome is assembled in the nucleolus, the small and
large subunits are exported separately to the cytosol.

Notice that the sedimentation coefficients don’t add up: 40 + 60 = 80.

The process of translation is divided into the same three stages as transcrip-
tion (initiation, elongation, and termination), but whereas transcription produces
astrand of RNA, the product of translation is a chain of amino acids. After post-
transcriptional processing in a eukaryote, mRNA leaves the nucleus through the
nuclear pores and enters the cytosol. With the help of initiation factors (co-factor
proteins), the 5” end attaches to the small subunit of a ribosome. A tR NA contain-
ing the 5-CAU-3" anticodon sequesters the amino acid methionine and settles
into the P site (peptidyl site). This is the signal for the large subunit to join and
form the initiation complex. This process is termed initiation. Most of the regu-
lation of translation occurs during the initiation stage through the recognition (or
lack of recognition) between the ribosomal subunits and the secondary structure
of the mRNA transcript.

Once the initiation complex is fully formed, elongation of the polypeptide
begins. During elongation, the ribosome slides down the mRNA strand one
codon at a time in the 5— 3 direction while matching each codon to a com-
plementary tRINA anticodon. The corresponding amino acids attached to these
tRNAs are bound together into a growing polypeptide as the process proceeds.
The mechanism of elongation requires the input of energy. Once a methionine-
bearing tRNA has attached to the P site, a new tRNA, with its corresponding
amino acid, attaches to the neighboring A site (aminoacyl site). The amino acid
attached to the tRINA in the A site becomes the second amino acid in the poly-
peptide sequence. The C-terminus (carboxyl end) of methionine attaches to the
N-terminus (amine end) of the amino acid at the A site in a dehydration reaction,
forming a peptide bond. The bond formation takes place through peptidyl trans-
ferase activity, which is catalyzed by rRINA in the ribosome, another example of
ribozyme function. After lengthening the polypeptide by a single amino acid, the
tibosome shifts 3 nucleotides toward the 3’ end of the mRINA. The tRNA that
carried methionine moves to the E site, from which it can exit the ribosome. The
tRNA carrying the newly formed dipeptide moves to the P site, leaving the A site
open for the next tRINA. The elongation process is repeated until a stop codon
reaches the P site.

tRNA and Ribosome

Structure

tRNA

Acceptor end

13
5

Anticodon loop

Ribosome

Large subunit

Small subunit

/!

E site

P site A site

It is helpful to consider location
when thinking about the
differences between prokaryotic
and eukaryotic transcription
and translation. In eukaryotes,
mRNA is transcribed in the
nucleus, where the DNA is kept.
The mRNA must then leave

the nucleus to be translated

in the cytoplasm. Therefore, in
eukaryotes, transcription and
translation are separated both
in both space and time. This
separation is one mechanism to
regulate which sequences are
converted to products and which
are not. Because prokaryotes
have no separate, membrane-
bound nucleus, transcription
and translation can occur
simultaneously.
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Within each ribosome there are
three sites where tRNA molecules
can bind. At the A site the
Anticodon matches up with the
codon, ensuring that the correct
Amino Acid is chosen. At the P
site, a Peptide bond between amino
acids is formed, lengthening the
Polypeptide chain. Finally, at the

E site, the tRNA, which now lacks
an amino acid, is free to Exit the
ribosome.

Know the steps of translation:
initiation, elongation, and
termination. Know the role of each
type of RNA.

Translation

. .
olypeptide tRNA with °

tRNA amino acid

without
amino acid

Stop
sequence

S Start
Sequence

Newly formed polypeptide

Translation ends when the ribosome reaches a stop codon in a step called
termination. When a stop codon (or nonsense codon) reaches the A site, proteins
known as release factors (co-factor proteins) bind to the A site, allowing a water
molecule to add to the end of the polypeptide chain. The polypeptide is freed
from the tR NA and ribosome, and the ribosome breaks up into its subunits to be
reused in later rounds of protein synthesis.

Even as the polypeptide is being translated, it begins folding. The amino acid
sequence determines the folding conformation, and the folding process is assisted
by proteins called chaperones. For further information on protein folding and struc-
ture, revisit the Biological Molecules and Enzymes Lecture.

After Translation: The Fates of Proteins

Once a protein is completely synthesized, it can still undergo post-translational
modifications. These modifications are a mechanism for regulating gene expres-
sion by affecting which products of translation ultimately become functional pro-
teins. Sugars, lipids, or phosphate groups may be added to amino acids to influence
functionality. The polypeptide can be cleaved in one or more places. Separate
polypeptides may join to form the quaternary structure of a protein.

The final destination of a protein is related to where it is translated. Proteins
translated by free-floating ribosomes function in the cytosol, while proteins syn-
thesized by ribosomes that attach to the rough ER during translation are injected
into the ER lumen. Proteins injected into the ER lumen are destined to become
membrane bound proteins of the nuclear envelope, ER, Golgi, lysosomes, or plas-
ma membrane, or, often, to be secreted from the cell. Free floating ribosomes are
identical in structure to ribosomes that attach to the ER. The growing polypep-
tide itself may or may not cause the ribosome to attach to the ER, depending upon
the polypeptide. A 20 amino acid sequence called a signal peptide near the front
of the polypeptide is recognized by a protein-RNA signal-recognition particle
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(SRP) that carries the entire ribosome complex to a receptor protein
on the ER. There the protein grows across the membrane, where it is
either released into the lumen or remains partially attached to the ER.
The signal peptide is usually removed by an enzyme. Signal peptides
may also be attached to polypeptides to target them to mitochondria,
the nucleus, or other organelles. In this way, proteins end up in locations
appropriate to their structures and functions, and thus one of the main
purposes of the genome, production and delivery of the products the
cell needs, is achieved.

Translation begins on a free floating ribosome. A signal peptide
at the beginning of the translated polypeptide may direct the
ribosome to attach to the ER, in which case the polypeptide is
injected into the ER lumen. Polypeptides injected into the lumen
may be secreted from the cell via the Golgi body or may remain
partially attached to the membrane.

This false-color transmission electron micrograph
(TEM) of a structural gene from the bacterium Esche-
ricia coli shows the coupled transcription of DNA into
mRNA and the simultaneous translation into protein
molecules. The DNA fiber runs down the image (in
yellow) from top left, with numerous ribosomes (in
red) attached to each mRNA chain. The longest chains
(called polysomes) are furthest from the point of gene

P0|gp6ptide Synthesis origin.

~ Polypeptide Signal peptide’ — The SRP carries The protein grows The signal peptide The protein
~ synthesis begins is recognized the entire ribosome across the membrane is usually removed undergoes
on a free-floating by the SRP. complex to a where it is either by an enzyme. post-translational
'~ ribosome in the receptor protein released into the lumen modifications.
cytosol. on the ER. or remains partially

attached to the ER.
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27 | Genetic and Cellular Replication:
Mitosis

Not all cell types in the body regularly undergo cell division. For example, fully
differentiated neurons rarely divide to produce new cells. Instead, neurons pri-
marily remain in the G, phase of the cell cycle and devote their time and energy
toward carrying out the normal functions of a neuron (producing neurotransmit-
ters, maintaining the resting potential, etc.) rather than toward producing new
neurons. However, some cell types, such as skin and intestinal cells, have short
lifespans or are lost to the environment and must regularly be replaced. To replace
lost cells, some skin cell progenitors must routinely undergo cellular division to
produce new cells. One of the major functions of the genome is its ability to direct
the process of DNA replication, through which an exact copy of the genome is
synthesized to be included in the newly created cell after division. As described in
the Cell Lecture in Biology 2: Systems, cell division is a highly regulated series of
phases. DNA replication takes place during the S phase of the interphase portion of
the cell cycle. This allows two copies of the genome to be available during the M
phase — one for each of the two resultant cells.

The Cell Life Cycle: S Phase

G, checkpoint

M checkpoint

G, checkpoint

Replication of the Genome

The purpose of DNA replication is to produce two identical copies of the genome,
each of which can be distributed to one of the cells created during division. This
goal is accomplished by unwinding the DNA double helix and separating the
two strands of DNA. Using the two single strands as templates, complementary
nucleotides are matched along the lengths of each strand, resulting in two identi
cal double-stranded copies of the same genome. Because each copy contains one
strand from the original DNA, and one newly synthesized strand, the process of
DNA replication is said to be semiconservative.

The mechanism of DNA replication is governed by a group of proteins called
a replisome (Figure 2.15). Replication does not begin at the end of a chromosome,
but toward the middle at a site called the origin of replication. Replication in
prokaryotes usually takes place from a single origin on the circular chromosome:
Eukaryotic chromosomes are much larger and therefore usually contain multiple
origins of replication. Epigenetic markers designate the origins of replication and,
therefore, help regulate how and where replication begins. At the origin of replica:
tion, two replisomes proceed in opposite directions along the chromosome, mak-
ing replication a bidirectional process. The point where a replisome is attached
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to the chromosome is called the replication fork. Each chromosome of eukaryotic
DNA is replicated in many discrete segments called replication units or replicons.

Included in the replisome are several enzymes necessary for DNA replication.
The first of these enzymes, DNA helicase, unwinds the double helix, separating
the two strands. DNA polymerase synthesizes the new DNA strands by pairing
complementary free-floating deoxynucleotides with the sequence of nucleotides
on the exposed strands of DNA. However, DNA polymerase cannot initiate a new
strand of nucleotides; it can only add nucleotides to an existing strand. Therefore,
primase, an RINA polymerase, creates an RNA primer approximately 10 ribonu-
cleotides in length to initiate the strand. DNA polymerase adds deoxynucleotides
to the primer and moves along each DNA strand, creating a new complementary
strand. DNA polymerase reads the parental strand in the 3" — 5" direction, creat-
ing the new complementary strand in the 5 — 3" direction. By convention, the
nucleotide sequence in DNA is written 5" — 3" as well. This direction is sometimes
referred to as downstream and the 3° — 5" direction as upstream.

Because DNA polymerase reads in only one direction, one strand of DNA is
looped around the replisome, giving it the same orientation as the other strand.
The single strand in the loop is prevented from folding back onto itself by single
strand binding (SSB) tetramer proteins (also called helix destabilizer proteins). As is shown
in Figure 2.15, at each replication fork, one of the separated strands is able to be
read continuously in the 3° = 5" direction while RNA polymerase continuously
synthesizes a complementary strand in the 5° — 3" direction. However, for the
other original DNA strand, the polymerization of its new, complementary strand
must be regularly interrupted and restarted with a new RNA primer so that the
DNA may still be read 3 — 5 as the replication fork is unzipped. The con-
tinuous strand is called the leading strand, while the interrupted strand is called
the lagging strand. The lagging strand is formed from a series of disconnected
strands called Okazaki fragments. Okazaki fragments are approximately 100 to
200 nucleotides long in eukaryotes and about 1000 to 2000 nucleotides long in
prokaryotes. Because the formation of one strand is continuous and the other

Prokaryotic Replisome

DNA polymerase Ill complex
At the origin of replication,

DNA helicase unwinds the
double helix into a leading
and lagging strand. Primase
creates RNA primers to
intiate the lagging strand.
DNA polymerase synthesizes
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pairing the leading and
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replication.
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Know the five main steps of replica-
tion and which enzyme is involved in
each step:

1. Helicase unzips the double helix;

2. RNA polymerase (primase) builds
a primer;

3. DNA polymerase assembles the
leading and lagging strands;

4. RNAse H removes the primers;

5. DNA ligase joins the Okazaki
fragments together.

DNA replication is fast and
accurate.

Shown here are human chromosomes with
their telomeres labeled in white. Telomeres
are like the plastic tips on shoelaces that
prevent them from fraying.

Mitosis

==== Homologues

| === Maternal chromosome |
3= Paternal chromosome |
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is fragmented, the process of replication is said to be semidiscontinuous. Once
the new DNA strands are synthesized, the RNA primers are removed from the
sequence by the enzyme RINAase H and the gaps created by the loss of the RNA
primers are filled in with deoxynucleotides by DNA polymerase. In the final step
of DNA replication, neighboring Okazaki fragments on the lagging strand are
joined together by DNA ligase (Latin: ligare — to fasten or bind) to form a com-
pleted copy of the double-stranded DNA helix.

In DNA replication, the ends of chromosomes are of special importance. The
ends of eukaryotic chromosomal DNA possess telomeres. Telomeres are repeated
six nucleotide units from 100 to 1,000 units long that protect the ends of chromo-
somes. Telomeres can become shortened through repeated rounds of replication, a
condition that has been linked to aging and disease. To somewhat counteract the
shortening effect of replication on telomeres, telomerase catalyzes the lengthening
of telomeres in eukaryotic organisms.

In order to complete a copy of an entire genome in a reasonable period of time,
replication must be fast. The DNA polymerase shown in Figure 2.15 moves at
over 500 nucleotides per second. DNA polymerase in humans moves much more
slowly, at around 50 nucleotides per second. However, multiple origins of replica-
tion allow the over 6 billion base pairs that make up the 46 human chromosomes
to be replicated quite quickly. Replication in a human cell requires about 8 hours.

In addition to being fast, it is also important that DNA replication be accu-
rate. DNA replication includes a mechanism to ensure that a faithful copy of the
genome is produced. Besides being a polymerase, one of the subunits in DNA
polymerase is an exonuclease, that removes nucleotides from the strand. This
enzyme automatically proofreads each new strand as it is synthesized and makes
repairs when it discovers any mismatched nucleotides (e.g. thymine matched with
guanine). DNA replication in eukaryotes is extremely accurate. Only one out of
every 10”°-10"" base pairs is incorrectly incorporated.

Although there are some differences, replication in eukaryotes and prokaryotes i§
very similar. Except where specified, the process described above is accurate for both.

Mitosis
Mitosis is the process by which two cells are created that are identical to both each
other and to the original cell. Once the genome is replicated, the copied chromo-
somes must be properly allocated to ensure that each daughter cell receives a com=
plete copy of the genome during division. The large number of chromosomes in
eukaryotic genomes makes the division of chromosomes between cells a potentially
chaotic process. The cell requires a system of organization to divide the chromo-

Metaphase




somes evenly between daughter cells and uses the machinery of mitosis to FIGURE 2.17] Spindle Apparatus

accomplish this division efficiently and accurately. Mitosis (Greek: mitos
— cell) is nuclear division without genetic change. It consists of a series Centrosome
of steps that organize and divide replicated chromosomes. The four main
stages of mitosis are prophase, metaphase, anaphase, and telophase (Figure
2.16). These stages in turn are divided into sub-stages, but these categories
are beyond the MCAT™. Mitosis varies among eukaryotes. The following
stages describe mitosis in a typical animal cell.

Prophase is characterized by the condensation of chromatin into chro-
mosomes. The tightly coiled chromatin limits transcription, thus down-
regulating gene expression during mitosis. The two identical copies of
duplicated chromosomes, called sister chromatids, are joined together at
groups of proteins near their centers called centromeres. Structures called
centrioles, located in the centrosomes, move to opposite poles of the cell.
First the nucleolus and then the defined nucleus disappear as the nuclear
envelope breaks down. The spindle apparatus begins to form, consisting
of asters (microtubules radiating from the centrioles), kinetochore microtu-
bules growing from the centromeres, and spindle microtubules connecting
the two centrioles. (The kinetochore is a structure of protein and DNA
located at the centromere of the joined chromatids of each chromosome.)

In metaphase (Greek: meta — between), chromosomes align along the
equator of the cell. This orderly lining up of the chromosomes ensures that
they will be separated such that each daughter cell receives one of each
chromosome.

Aster

Centrioles

Centromeres

Kinetochore

N—Spindle

During anaphase sister chromatids split at their attaching centromeres 4
microtubules

and segregate to opposite sides of the cell. Shortening of the kinetochore
microtubules pulls the sister chromatids apart and moves them toward
opposite poles. This split is termed disjunction. Cytokinesis, the actual
separation of the cellular cytoplasm due to constriction of microfilaments
around the center of the cell, may or may not commence toward the end
of this phase.

In telophase (Greek: teleios — complete), the nuclear membrane
reforms, followed by the reformation of the nucleolus. Chromosomes de-
condense and become difficult to see under a light microscope. Cytokinesis
continues, resulting in two identical daughter cells that each contain one
complete copy of the parent cell’s genome.

Remember the order of the stages
of mitosis using the acronym PMAT.

Know the basic conditions that
define each phase of mitosis. It

is especially important to realize
that mitosis results in genetically
identical daughter cells.

Telophase

Interphase
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These questions are NOT related to a passage.

Item 33

If each of the following mRNA nucleotide sequences
contains three codons, which one contains a start codon?

OA) 3-AGGCCGUAG-5
O B) 3-GUACCGAAC-5
O C) 5-AAUGCGGAC-3
O D) 5-UAGGAUCCC-3’

Item 34

Translation in a eukaryotic cell is associated with each of the
following organelles or locations EXCEPT:

OA) the mitochondrial matrix.

O B) the cytosol.

O C) the nucleus.

O D) the rough endoplasmic reticulum.

Item 35

Which of the following is true concerning the genetic code?

OA) There are more amino acids than codons.

O B) Any change in the nucleotide sequence of a codon
must result in a new amino acid.

O C) The genetic code varies from species to species.

O D) There are 64 codons.

Item 36

One difference between prokaryotic and eukaryotic
translation is that:

OA) eukaryotic ribosomes are larger.

O B) prokaryotic translation may occur simultaneously
with transcription, while eukaryotic translation
cannot.

O C) prokaryotes do not contain supra molecular
complexes such as ribosomes.

O D) prokaryotic DNA is circular and thus does not
require a termination sequence.

Item 37

An mRNA molecule being translated at the rough
endoplasmic reticulum is typically shorter than the gene
from which it was transcribed because:

O A) the primary transcript was cut as it crossed the
nuclear membrane.

O B) normally multiple copies of the mRNA are
produced and spliced.

O Q) introns in the primary transcript are excised.

O D) several expressed regions of the primary transcript
have equal numbers of base pairs.

Questions 33-40 of 96
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Item 38

The gene for triose phosphate isomerase in maize (a corn
plant) spans over 3400 base pairs of DNA and contains
eight introns and nine exons. Which of the following would
most likely represent the number of nucleotides found in the
mature mRNA after post-transcriptional processing?

OA) 1050
O B) 3400
O ) 6800
O D) 13,600

Item 39

Eukaryotic mRNA production occurs in the following
sequence:

OA) transcription from DNA in the cytoplasm followed
by post transcriptional processing on the ribosome.

O B) transcription from DNA in the nucleus followed by
post transcriptional processing in the nucleus.

O Q) translation from DNA in the nucleus followed by
posttranscriptional processing in the nucleus.

O D) translation from DNA in the cytoplasm followed by
post-transcriptional processing on the ribosome.

Item 40

Which of the following statements regarding transcription is
FALSE?

OA) The mRNA produced is complementary to the
coding strand.

O B) Activators and repressors bind to DNA and affect
the activity of RNA polymerase.

O C) The nucleotide sequence of the promoter region
affects how often a region of RNA is transcribed.

O D) During transcription, RNA polymerase moves
along the DNA strand in the 3° — 5" direction.




2.8 |Mutations

Although the processes of DNA replication and mitosis are extremely accurate and
efficient, the huge number of repetitions of these processes throughout the body
ensures that mistakes do happen and that changes to the genome can occur. Any
alteration in the genome that is not due to genetic recombination (which takes
place in meiosis, described below) is called a mutation. Mutations are important
not only for the individual carrier, but as a crucial source of genetic variation
within populations, without which evolution could not occur. Mutations can be
spontaneous (occurring due to random errors in the natural process of replica-
tion and genetic recombination) or induced (occurring due to physical or chemical
agents called mutagens, which can damage DNA and increase the frequency of
mutation above the baseline frequency of spontaneous mutations). The effects on
the cell are the same in either case. The effect of a mutation on an organism's fit-
ness may be advantageous or deleterious, or there may be no effect at all. Muta-
tions may occur at the level of the nucleotide or the level of the chromosome.

A gene mutation is the alteration in the sequence of DNA nucleotides in a
single gene. A chromosomal mutation occurs when the structure of a chromo-
some is changed. In multicellular organisms, a mutation in a somatic cell (Greek:
soma — body) is called a somatic mutation. A somatic mutation of a single cell may
have very little effect on an organism with millions of cells. In contrast, a muta-
tion in a germ cell, from which all other cells arise, can have large consequences
for the offspring produced. Under normal conditions, mutations are rare. Only
about one out of every million gametes will carry a mutation for a given gene.
Different types of mutations are categorized both by the effect of the change on
the structure of the genetic sequence and by the effect on the sequence’s function.

Mutations are rare. Mutations in
somatic cells are not passed to
offspring; mutations in germ cells
are.

Categories of Mutations That Describe Structural Changes to
the Gene

Mutations at the level of the gene most often change one nucleotide at a time. If a

mutation changes a single nucleotide in a double strand of DNA, that mutation is Base-pair Substitutions

called a point mutation. There are several known types of point mutations. One

( <—> Transitions

type, called a base substitution mutation, results when one nucleotide is swapped L T -
for another during DNA replication. A base substitution exchanging one purine 5

. for the other purine (A <> G) or one pyrimidine for the other pyrimidine (C <>

- T) is called a transition mutation. A base-pair substitution exchanging a purine for /N NH

- a pyrimidine or a pyrimidine for a purine is called a transversion mutation. Other \ <N t -
types. of point mutations mclude.addltlon Tnutanons.(msertlng a new nucleo- ?Ade:'me R Gu?nine Bl
tide into the sequence) and deletion mutations (deleting a nucleotide from the -
sequence). Additions and deletions can have profound eftects on the function of A Purines G
the affected gene.
Categories of Mutations that Describe Functional Changes to
the Gene
Ifa mutation has no effect on an organism’s fitness, that mutation is said to be neu- —p
tral. A neutral mutation could change the amino acid sequence of a protein with- C Pyrimidines T
out changing its function or could result in no change to an amino acid sequence Eyretng Thysmiing
(e.g. changing the codon AAA to AAG through a base substitution would still CH,
result in the amino acid lysine.) The type of neutral mutation in which the amino H:NY\ OYS
acid sequence is unchanged is called a silent mutation. Nl N -

Some nucleotide mutations can cause significant changes to the function of a Yf \[]/5

gene. A missense mutation occurs when a base substitution changes a codon (cre- 2 ©

ating a missense codon) which results in the translation of a different amino acid.
Missense mutations can be neutral and result in completely functional proteins.
However, missense mutations can also significantly change a polypeptide’s func-
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Note that these categories of
mutations are overlapping. There
are multiple possible categories
for any one change. For example, a
base substitution could be silent,
but could also be neutral and not
silent. A base substitution can be
a missense mutation if it changes
a codon to code for a different
amino acid, and this missense
mutation may or may not neutral.
Abase substitution can also cause
anonsense mutation if it creates
a stop codon. As you review the
definitions of mutation categories,
spend some time thinking through
how a mutation may fit into more
than one category at a time.

TN DNA Exon
TN RNA template
QOO Amino Acid sequence

No mutation

proteins.

(nonsense)

proteins.

This example illustrates the normal process
of transcription and translation when no
mutation has occurred. The amino acid
sequence produced is intact and functional.

Addition - continuing protein

The addition (or deletion) of a single
nucleotide causes a frameshift. From that
point forward, the codons are translated
on a different reading frame, resulting in a
different string of amino acids. This type of
mutation usually results in non-functional

Addition - truncated protein

The addition (or deletion) of a single
nucleotide causes a frameshift. From that
point forward, the codons are translated on
a different reading frame, resulting in a
different string of amino acids. This type of
mutation usually results in non-functional

tion. Sickle cell anemia, for example, is a disease caused by a single amino acid

difference in hemoglobin.

A nonsense mutation occurs when a change to the nucleotide sequence creates
a stop codon where none previously existed. For example, a nonsense mutation
could be caused by a base substitution changing the codon UCA, which codes for
the amino acid serine, into the stop codon UAA. Nonsense mutations tend to have
serious consequences for the cell because they terminate translation and usually

create a truncated, non-functional protein.

The addition and deletion of nucleotides, which are also considered point
mutations, can result in a frameshift mutation. A frameshift mutation occurs
when the deletions or additions occur in multiples other than three. Because the
genetic code 1s read in groups of three nucleotides, an addition or deletion of one
or two nucleotides will change the reading frame of the code. An altered read-
ing frame means that the entire sequence after the mutation will be shifted so
that the three base sequences are grouped incorrectly. For instance, if a single
T nucleotide were inserted into the series: AAA|GGG|CCC|AAA, so that it
reads AAT|AGG|GCC|CAA|A, each 3-nucleotide sequence downstream from
the mutation would be altered and therefore each amino acid coded for could
change. On the other hand, if three T nucleotides were inserted randomly, the
downstream sequence would not be shifted, and only one or a few 3-nucleotide
sequences would be changed: AAT|TAG|GTG|CCC|AAA. This is a non-frame-
shift mutation. Non-frameshift mutations may still result in a partially or even
completely active protein, while frameshift mutation most often result in com-
pletely non-functional proteins. Frameshifts may also result in nonsense mutations

if the new reading frame includes a premature stop codon.

Mutations at the Level of the Gene

Changes in DNA caused by mutations are included in the RNA sequence through the process of transcription.
These changes can have a variety of effects on the translated amino acid sequence and resulting protein function.
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Base substitution - silent

A base-pair substitution has occurred,
changing A to G on the DNA exon and thus
changing U to C on the mRNA. Because the
codons UGU and UGC both code for
cysteine, the amino acid sequence remains
unchanged and the protein is fully functional.
This is an example of a silent mutation.

Base substitution - missense

A base-pair substitution has occurred, changing
A to C on the DNA exon and thus changing U
to G on the mRNA. A codon that used to code
for cysteine (UGU) now codes for Tryptophan
(UGG). This an example of missense mutation.
Missense mutations may alter protein function-
ality, depending on the location and properties
of the substituted amino acid.

Base substitution - nonsense

A base-pair substitution has occurred,
changing A to T on the DNA exon and thus
changing U to A on the mRNA. A codon that
used to code for cysteine (UGU) is now a stop
codon (UGA). This is an example of a
nonsense mutation. Transcription of the

polypeptide chain ends prematurely, and the

resulting protein is usually non-functional.
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Mutations at the Level of the Chromosome

Changes at the chromosomal level often have serious conse-

quences for the organism. Structural changes may occur to a Transposons

chromosome in the form of deletions, duplications, transloca- Flanking sequences
tions, and inversions. Chromosomal deletions occur when a A
portion of the chromosome breaks off, or when a portion of the
chromosome is lost during homologous recombination and/or DNA Transposon DNA
crossing over events. These topics will be discussed in greater
detail later in this lecture. Duplications occur when a DNA
fragment breaks free of one chromosome and incorporates into
a homologous chromosome. Gene duplication (also called gene
amplification) can increase the amount of a gene’s product.
Deletion or duplication can occur with entire chromosomes
(aneuploidy) or even entire sets of chromosomes (polyploidy).
When a segment of DNA from one chromosome is exchanged
for a segment of DNA on another chromosome, the resulting DNA DNA
mutation is called a reciprocal translocation. In inversion,
the orientation of a section of DNA is reversed on a chromo-
some. Translocation and inversion can be caused by transposi-
tion. Transposition takes place in both prokaryotic and eukary-
otic cells. The DNA segments called transposable elements
or transposons can excise themselves from a chromosome and
reinsert themselves at another location. Transposons can contain
one gene, several genes, or just a control element. A transposon S —————
within a chromosome will be flanked by identical nucleotide DN DNA
sequences. A portion of the flanking sequence is part of the trans-
poson. When moving, the transposon may excise itself from the
chromosome and move; copy itself and move; or copy itself and
stay, moving the copy. Transposition is one mechanism by which

a somatic cell of a multicellular organism can alter its genetic
makeup without meiosis.

Mutations at the Level of the Chromosome

Deletion Duplication Inversion Reciprocal Translocation

e
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Base-Pair Substitutions

Point Mutations W

DNA

Insertions and Deletions

Multiple of 3 Non-Multiple of 3

¥ N -
\VAV/

RNA
No stop codon Stop codon No stop codon Stop codon
Acts like Acts like
Sk e
Functional Non-functional
pl:gti;gna m ~  Neutral Missense Nonsense pl?or;:eil:rn .

A single breast cancer cell has an uneven
surface with blebs (blue) and cytoplasmic
projections (red, at left). Clumps of cancerous
(malignant) cells form tumors, which possess the
ability to invade and destroy surrounding tissues
and travel to distant parts of the body to seed
secondary tumors. Malignant cells proliferate
and grow in a chaotic manner, with defective cell
division retained within each new generation of
cells. Variations from the original cell type also
occur in the size and structure of the cancer cell.
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DNA Repair

The cell has several systems in place to repair mutated or damaged DNA.
The role of DNA polymerase in correcting mismatched pairs of nucleo-
tides in DNA replication has already been discussed. Damaged portions
of DNA may also be altered through direct repair, in which damaged
nucleotides are chemically changed back to their original structures,
or through excision repair, in which damaged nucleotides are removed
and replaced. However, despite the cell’s repair mechanisms, damage to
DNA can take place and can have serious consequences for cellular func-
tion and organismal health.

Cancer

As discussed in the Cell Lecture in Biology 2: Systems, cancer is the unre-
strained and uncontrolled growth of cells that results when the regulation
of the cell cycle has gone awry. However, cancer also has a genetic com-
ponent that is related to mutation. Certain genes that stimulate normal
growth in human cells are called proto-oncogenes. Proto-oncogenes can be
converted to oncogenes, genes that cause cancer, by mutagens such as UV
radiation or chemicals, or simply by random mutations. Mutagens that can
cause cancer are called carcinogens. The genome also contains tumor
suppressor genes that help regulate normal cell growth. When the nor-
mal functions of tumor suppressor genes are inactivated by mutation, cells
growth may proceed uncontrolled.




29 | The Genome and Inheritance:
Meiosis

Even before the discovery of the existence of a genome and its role in directing
the daily production of cellular products, scientists were aware of the concept of
heritability. Certain traits seem to run in families, and children tend to look like
their parents. Early experiments using bacterial genomes confirmed that DNA is
the genetic material responsible for heritability rather than proteins or other cel-
lular components that were contenders at the time. This section and the one that
follows will explore the fundamental role of DNA in passing on traits from one
generation to the next, first by examining meiosis, the process by which genetic
material is apportioned to the next generation, and then through a review of the
principles of inheritance and Mendelian genetics.

The Purpose and Products of Meiosis

Meiosis can be thought of as a special case of mitosis that takes place solely in
the reproductive organs. Sexual reproduction takes place when genetic informa-
tion from two individuals merge to produce offspring. For sexual reproduction
to occur, reduction division of the genetic information is needed in order to cre-
ate haploid reproductive cells, or gametes, from diploid parent cells. In humans,
only the spermatogonium and the oogonium undergo meiosis. All other cells are
somatic cells and undergo mitosis only. Meiosis is an important part of sexual
reproduction and occurs only in eukaryotes. This section details the process of
meiosis in animals, which is how it is most likely to be seen on the MCAT®™.
While meiosis, like mitosis, is a form of cell division, the goals and end prod-

ucts of meiosis are different. The purpose of mitosis is to make exact copies of Electron micrographs of sperm and an
somatic cells in the body, whereas the purpose of meiosis is to create gametes egg. These two haploid cell types, formed
that are suitable to be paired sexually with another gamete to contribute genetic by meiosis, join with each other to form a
information to the next generation. During mitosis, a cell undergoes one round diploid zygote.

of nuclear division to produce two diploid daughter cells, each bearing identical
genetic information. In contrast, during meiosis, germ cells undergo two rounds
of nuclear division to produce four haploid daughter cells, the gametes, each with
a unique genetic makeup. The primary difference in the mechanisms of mitosis
and meiosis can be found in metaphase of meiosis I in how the chromosomes
align. Regulation of meiosis takes place in much the same way as that of mitosis.

The Mechanism of Meiosis

Cells that will undergo meiosis first go through replication of their chromosomes
in the S phase of interphase so that at the beginning of meiosis, the chromosomes
are duplicated and diploid. Meiosis consists of two rounds of division called meio-
‘ sis [ and meiosis II. Each round of meiosis consists of successive stages of prophase,
3 metaphase, anaphase, and telophase.

The purpose of meiosis I is to separate homologous chromosomes to produce
i two haploid cells. Therefore meiosis I is known as a reduction division. Meiosis |
} proceeds similarly to mitosis, with differences described below. Prophase I is per-
s haps the most important stage of meiosis to understand. In prophase I homologous
chromosomes line up alongside each other, matching their genes exactly. At this
time, they may exchange sequences of DNA nucleotides in a process called cross-
ing over. The genetic recombination that occurs in eukaryotes during cross-
ing over is of critical importance for providing genetic variation in the genetic
makeup of the gametes, and consequently, the offspring. Each of the duplicated
chromosome in prophase I appears as an "X’ containing two sister chromatids.
Therefore, the side by side homologues exhibit a total of four chromatids, and are
called tetrads (Greek: tetras — four). If crossing over does occur, the two chromo-
somes are “zipped” along each other where nucleotides are exchanged, forming
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Meiosis

Metaphase |

Anaphase |

gg Homologues

== Maternal chromosome
3= Paternal chromosome

MEIOSIS |
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what is called the synaptonemal complex. Under the light microscope, a synapto-
nemal complex appears as a single point where the two chromosomes are attached,
creating an ‘X’ shape called a chiasma (Greek: chiasmata — cross). When genes
on the same chromosome are located close together, they are more likely to cross
over together, and are said to be linked. This phenomenon is called gene linkage.
In areas where crossing over occurs, the chromosomes may exchange sections of
genetic information just once in a single crossover. Chromosomes may also trade
a segment once and then trade back a sub-section of that segment so that each
chromosome regains some of its own original genetic material. This phenomenon
is called a double crossover. Examining the rates of single and double crossovers
in a chromosome can indicate how closely two genes are linked and is the basis for
the technique of gene mapping, which helps determine the locations and relative
distances of genes on chromosomes.

In metaphase I the two homologues remain attached, and move to the meta-
phase plate. While in mitosis each chromosome lines up along the plate single file
(46 chromosomes lined up in humans), in meiosis, the tetrads align on the meta-
phase plate (23 tetrads lined up in humans).

In anaphase I the homologous chromosomes each separate from their partner,
independently assorting to create two haploid cells. This is in contrast to anaphase
of mitosis, where identical sister chromatids segregate.

In telophase I, a nuclear membrane may or may not reform, and cytokinesis
may or may not occur. In humans the nuclear membrane does reform and cyto-
kinesis does occur. When cytokinesis occurs, the new cells are haploid with 23
replicated chromosomes and are called secondary spermatocytes or secondary oocytes.
In the case of the female, one of the oocytes, called the first polar body, is muc
smaller and degenerates. This occurs in order to conserve cytoplasm, which i
only contributed to the zygote by the ovum.

Telophase |

Prophase I

MEIOSIS Il




Meiosis II proceeds through prophase II, metaphase II, anaphase II, and
telophase II, appearing much like mitosis under the light microscope. The final
products are haploid gametes, each with 23 chromosomes. In the case of the sper-
matocyte, four sperm cells are formed. In the case of the oocyte, a single ovum
is formed after the degeneration of the polar bodies. (In the female, telophase II
produces one gamete and a second polar body.)

If during anaphase I or II the centromere of any chromosome does not split, this
is called nondisjunction. As a result of primary nondisjunction (nondisjunction
in anaphase I), one of the cells will have two extra chromatids (a complete extra
chromosome) and the other will be missing a chromosome. The extra chromo-
some will typically line up along the metaphase plate and behave normally in
meiosis [1. Nondisjunction in anaphase II will result in one cell having one extra
chromatid and one cell lacking one chromatid. Nondisjunction can also occur in
mitosis, but the ramifications are less severe because the genetic information in
the new cells is not passed on to every cell in the body. One possible outcome of
nondisjunction is having three copies of a single chromosome (a condition known
as trisomy), which can have significant effects. For example, Down syndrome is
caused by nondisjunction of chromosome 21.

Anaphase I |

Telophase Il '

Interphase
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Gamete Formation

A spermatogonium or oogonium undergoes
DNA replication during the S phase of the
cell cycle to become a primary spermatocyte
or a primary oocyte. Primary spermatocytes
and primary oocytes are still diploid, but
contain replicated chromosomes with sister
chromatids. The figure indicates the presence
of sister chromatids with the subscript "'s" for
diploid primary spermatocytes and oocytes
(2n,) and for haploid secondary spermato-
cytes and oocytes (n,), which have undergone
a reduction division.

Meiosis as Gamete Production

The purpose of meiosis is to make haploid gametes that can be used in sexual
reproduction. The production of gametes, or gametogenesis, occurs in several
stages. Gametogenesis occurs via similar paths in males and females, with some
key differences. The process in males is more straightforward. Once a male reach-
es sexual maturity, gametogenesis is ongoing, replenishing the body’s supply of
gametes as needed. In males, the diploid progenitor cells responsible for giving rise
to gametes through the process of meiosis are called spermatogonia. A spermato-
gonium undergoes mitosis to produce two diploid copies known as primary sper-
matocytes. Each primary spermatocyte undergoes the reduction division of meiosis

Spermatogenesis Oogenesis

46 Chromosomes
(diploid)

Spermatogonium

Oogonium

DNA Replication

46 Chromosomes
(diploid with
sister chromatids)

Primary oocyte
(Arrest at prophase |, crossing over)

Primary
spermatocyte

Reduction

division

Meiosis |
(Completed in follicular phase)

23 Chromosomes
(haploid with
sister chromatids)

First polar body
(no cytoplasm)

Secondary oocyte
(Arrest at metaphase I, released at ovulation)

23 Chromosomes
(haploid)

|

23 Chromosomes
(haploid)

Y

sm Egg

Meiosis Il

Spermatozoa
(grew tail, lost cytoplasm)

(Completed at fertilization)

Meiosis is like mitosis except that in meiosis there are

two rounds, the daughter cells are haploid, and genetic
recombination occurs. It is important to know the names
of the cells at the different stages and whether or not
those cells are haploid or diploid. Recognize that, under the
light microscope, metaphase in mitosis would appear like
metaphase |l in meiosis and not like metaphase |.

®

Second
polar body
(no cytoplasm)

Zygote
(4x the cytoplasm)

Division and

58

differentiation
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TABLE 2.3 > Stages of Development in Male and Female Gametes

Progenitor cell present at birth

Stages in Males Stages in Females Chromosomes Stage is Reached
Spermatogonium Oogonium Diploid
%ﬁimary spermatocyte Primary oocyte Diploid After mitosis
Secondary spermatocyte  Secondary oocyte Haploid After meiosis |
Fpermatid Ootid* Haploid After meiosis |l
Sperm (or spermatozoa) Ovum* Haploid

* Technically joined with a sperm by this stage to form a zygote, which is diploid

[ to become two haploid secondary spermatocytes. After the division of meiosis
I, each secondary spermatocyte becomes two spermatids. A spermatid undergoes a
process of maturation in which it loses its cytoplasm and gains a tail to become a
mature male gamete known as sperm.

There are many parallels between the process of gamete production in males
and females. In females, the diploid progenitor cell for gametogenesis is known as
the oogonium. The oogonium undergoes mitosis to produce two primary oocytes.
Unlike in males, this step in females primarily takes place before a female is born
and the process does not proceed further until the female has reached puberty. Pri-
mary oocytes remain arrested in prophase I of meiosis until they receive the hor-
mone signal to participate in the menstrual cycle (see the Endocrine System Lec-
ture in Biology 2: Systems for more information on menstruation and ovulation).
In preparation for ovulation, a primary oocyte completes meiosis I, producing a
secondary oocyte. At this step, again, males and females differ. While meiosis I in
males produces two secondary spermatocytes from each primary spermatocyte,
the contents of a primary oocyte are not divided evenly among its daughter cells.
One daughter cell receives all of the cytoplasm and becomes a secondary oocyte.
The other daughter cell, which receives no cytoplasm, is the first polar body and
is discarded. The resulting secondary oocyte, now haploid, begins the process of
meiosis II but is arrested at the stage of metaphase II. In this arrested state, the
secondary oocyte is released from the ovary and travels down the Fallopian tube.
The secondary oocyte completes meiosis I only when penetrated by a sperm dur-
ing the act of fertilization. The penetration of the sperm immediately initiates the
completion of meiosis II, dividing the secondary oocyte into a second polar body,
which is also discarded, and an ootid, which matures into an ovum. The joining
of the genetic material of the sperm and the ovum produces a zygote.

TABLE 2.4 > Summary of Chromosomes and Sister Chromatids

Start

Process

| Finish

Replication Diploid (46 chromosomes)

92 chromatids)

sis Diploid with sisters (46 chromosomes,
92 chromatids)

Diploid (46 chromosomes)

Meiosis | Diploid with sisters (46 chromosomes,

92 chromatids) 46 chromatids)

Haploid with sisters (23 chromosomes,
46 chromatids)

Haploid (23 chromosomes)

Diploid with sisters (46 chromosomes,

Haploid with sisters (23 chromosomes,

After maturation process

Note that the process of
gametogenesis in males produces
four functional gametes (sperm)
from each primary spermatocyte.
In contrast, each primary oocyte
in females results in only one
functional ovum (the rest are polar
bodies). The reason behind this has
to do with conserving cytoplasm.
Once an ovum is fertilized, the
resulting zygote will need to
undergo many rounds of division
before it is able to implant on the
uterine wall and establish a blood
supply. The increased amount of
cytoplasm present in an ovum
provides the nutrients necessary
to sustain a zygote as it becomes
ablastula and travels from the
Fallopian tube to the uterus. See
the Endocrine System Lecture for
more on development.

If you're having trouble
keeping track of
chromosome number in
replication, mitosis, and
meiosis, use this table
to review what happens
with the number of
chromosomes and sister
chromatids in each of
these processes.
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Note that meiosis only describes the process by which nuclear genetic
information is passed from one generation to the next. For the MCAT®, know
that genetic information can also be passed from organism to organism

in other ways. Extranuclear inheritance, which is also called cytoplasmic
inheritance (e.g. in the mitochondria and chloroplasts), takes place via its
own mechanisms. Genetic leakage, the flow of genetic information from one
species to another, can also take place under certain conditions.

210/ The Genome and Inheritance:
Mendelian and Population Genetics

Many ideas about the role of genetics in heritability were shaped by the early work
of Gregor Mendel. Gregor Mendel was a 19th century monk who performed
hybridization experiments using pea plants. The difference between Mendel and
those who had come before him was that Mendel quantified his results, carefully
counting and recording his findings. Mendel examined a variety of traits that
naturally occur in pea plants and examined the heritability of these traits through
controlled breeding of the plants. He found that when he crossed purple lowered
plants with white flowered plants, the first filial, or F1 generation, included only
purple flowers. He called the purple trait dominant, and the white trait recessive.
Mendel examined seven traits in all, and each trait proved to have dominant and
recessive alternatives. When Mendel self-pollinated the F1 generation plants, the
F2 generation contained some plants that expressed the dominant trait and some
that expressed the recessive trait in a ratio of 3:1 (which is now referred to as the

Mendelian Ratio: 3 to 1

X PP

Cross pollinated

To test his model, Mendel
performed a test cross, which P P
is a cross between an unknown
genotype and a known, recessive P |Pp|Pp
genotype. In his test cross, Mendel
crosses the F1 generation of his P1Pp|Pp
flowers (purple) with a homozygous
recessive parent plant (white).
Because there were white offspring
resulting from this cross of a purple
F1 plant and a white parent plant, F
Mendel was able to prove that the 2 f‘ r P p
F1 generation was heterozygous.
P |PP | Pp
P |Pp PP
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Mendelian ratio) (Figure 2.24). When the F2 generation was self-pollinated, 33%
of the dominants produced only dominants, and the rest of the dominants pro-
duced the Mendelian ratio. The white flowered plants produced only white flow-
ered plants. Mendel used this data to conclude that, even if plants expressed the
dominant trait (purple), they might still retain latent information on the recessive
trait (white) because they were able to produce white flowered plants in successive
generations.

The key to understanding Mendel’s experiments is to examine the alleles
involved. For any one trait, a diploid individual will have two chromosomes con-
taining separate genes that each code for that trait. These two chromosomes are
homologous by definition. Their corresponding genes are located at the same
locus, or position, on their respective chromosomes. Each gene contributes one
allele, which codes for a specific outcome in that trait. There may be single or
multiple allele types possible at each locus. For example, one chromosome may
carry the allele coding for purple flowers (represented by P), while the other chro-
mosome may carry the allele for white flowers (represented by p). The “normal”
or most common allele type for a certain trait within a population is deemed the
wild type allele. With regard to alleles for a certain trait, an individual’s genetic
makeup is called a genotype while the expression of the trait (i.e. the way the
organism actually looks) is called the phenotype. In the example given, the pos-
sible genotypes are PP, Pp, and pp, while the possible phenotypes are purple and
white. The phenotype is expressed through the action of enzymes and other struc-
tural proteins, which are encoded by genes. In complete dominance, as is the case
with Mendel’s purple and white flowers, the dominant allele masks expression
of the recessive allele. This concept is demonstrated by the outcome that flowers
with the genotype Pp appear purple. An individual with a genotype having two
dominant (PP) or two recessive (pp) alleles is said to be homozygous for that trait.
An individual with a genotype having one dominant and one recessive allele (Pp)
is said to be heterozygous for the trait, and is called a hybrid.

Mendel’s First Law of Heredity, the Law of Segregation, states that alleles seg-
regate independently of each other when forming gametes during meiosis. Any
gamete is equally likely to possess any allele. Also, the phenotypic expression of
the alleles is not a blend of the two, but an expression of the dominant allele (the
principle of complete dominance).

Penetrance is the term used to refer to the probability of a gene or allele being
expressed if it is present. In complete dominance, the penetrance of the dominant
allele is 100%. A similar concept is that of expressivity, which is a measure of how
much the genotype is expressed as a phenotype. Unlike penetrance, which is based
on a binary condition (expressed vs. not expressed), expressivity describes the
degree of expression of a certain trait. When a heterozygous individual exhibits a
phenotype that is intermediate between its homozygous counterparts, the alleles
are said to demonstrate incomplete dominance. By convention, alleles showing
incomplete dominance are represented with the same capital letter, and distin-
guished with a prime or superscript. For instance, a cross between red flowered
sweet peas and white flowered sweet peas may produce pink flowers. The geno-
type for the pink flowered individual would be expressed as either CC’ or C'C". If
the heterozygote exhibits both phenotypes, the alleles are co-dominant. Human
' blood type alleles are co-dominant because a heterozygote exhibits A and B anti-
gens on the blood cell membranes.

— BIOLOGY 2

|mmune System

LECTURE 2: Genetics

61




Dihybrid Cross

Figure 2.25 shows a helpful tool called a Punnett square, used for
predicting genotypic ratios of offspring from parent genotypes. The
wg genotypes of all possible gametes of one parent are displayed to the

left of the column, and all possible gametes of the second parent are

displayed above the first row. The alleles are then combined in the

corresponding boxes to show the possible genotypes of the offspring.
WwGg According to the law of segregation, each gametic genotype is equally

Mendel’s Second Law of Heredity, the Law of Independent
Assortment, states that genes located on different chromosomes assort

‘ likely. Therefore, each offspring genotype is also equally likely.

independently of each other. In other words, genes that code for dif-

ent chromosomes, do not affect each other during gamete formation.

a ferent traits (such as pea shape and pea color), when located on differ-
iR
(Notice that the Law of Independent Assortment discusses different

WG Wg wG

« @ Q@
WWGG | WWGg | WwGG

- alal@
WWgG | WWgg [ WwgG | Wwgg
wWGG | wWGg | wwGG | wwGg

-« @ @@
wWgG | wWgg | wwgG | wwgg

genes that code for different traits, in contrast to the law of Segrega-

Q tion, which instead discusses different alleles of a single gene.) If two

genes are located on the same chromosome, the likelihood that they
will remain together during gamete formation is indirectly propor-

tional to the distance separating them. Thus, the closer they are on

9 yellow, round

the chromosome, the more likely it is that they will not be separated

3 yellow, wrinkled by genetic recombination and instead will remain together. In Figure
3 green, round 2.25, we use a Punnett square to predict the phenotypic ratio of a
1 green, wrinkled ) dihybrid cross. “W’ is the allele for a round pea shape, which is domi-

Sex-linked Traits

Normal male

X" Y
X XX | XY
Female
carrier
X" XX @
Malelwith
hemophilia

nant, and ‘w’ is the allele for wrinkled pea shape, which is recessive.

‘G’ is the allele for yellow color, which is dominant, and ‘g’ is the allele
for green color, which is recessive. We make the assumption that the genes for pea
shape and pea color are on separate chromosomes, and will assort independently
of each other. Notice that the phenotypic ratio of a dihybrid cross is 9:3:3:1.

The expression of some traits is dependent on the sex of the individual. This is
because the chromosomes of males and females differ. In humans, the 23rd pair
of chromosomes establishes the sex of the individual, and each partner in the pair
is called a sex chromosome. Sex chromosomes are designated as either X or Y.
Human females usually carry two X chromosomes, while males usually have one
X and one Y chromosome. In comparison to the X chromosome, the Y chromo-
some is greatly abbreviated and contains only a few genes. Genes located on the
sex chromosomes are said to be sex linked. Generally, the Y chromosome does
not carry the allele for the sex-linked trait; thus, the allele that is carried by the X
chromosome in the male is expressed whether it is dominant or recessive. Because
the female has two X chromosomes, her genotype is found through the normal
rules of dominance. However, in most somatic cells, one of the X chromosomes
will condense, and most of its genes will become inactive. The tiny dark object
formed is called a Barr body. Barr bodies are formed at random, so the active allele
is split approximately evenly among the cells. Nevertheless, in most cases, the
recessive phenotype is only displayed in homozygous recessive individuals. Thus,
the female may carry a recessive trait on her 23rd pair of chromosomes without
expressing it. If she does, she is said to be a carrier for the trait. Such a recessive
trait has a strong chance of being expressed in her male offspring regardless of the
genotype of her mate.

Hemophilia is one example of a sex-linked disease. The Punnett square shown
in Figure 2.26 shows a cross between a female carrier for hemophilia and a healthy
male. Since there are two possible phenotypes for the males, and one is the reces-
sive phenotype, the male offspring from such a pairing have a 1 in 2 chance of
having the disease.
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The Hardy-Weinberg Principle

The Hardy-Weinberg Principle is a tool used to predict the probability of oft-
spring genotypes in an entire population. By allowing an understanding of the
probability across a population, the Hardy-Weinberg Principle can be an impor-
tant clinical tool to predict the probability that an individual is a carrier for or will
be affected by a certain disease when individual genotypes are unknown.

As discussed in the Cell Lecture in Biology 2: Systems, the gene pool is the total
collection of all alleles in a population, and any change in the gene pool constitutes
evolution. Hardy-Weinberg provides a snapshot of a population under the assump-
tion that there is no net change happening in allelic frequencies over time. That
theoretical state of suspended evolution is called Hardy-Weinberg equilibrium.
Recall the conditions that a population must meet to be considered in Hardy-
Weinberg equilibrium. They can be thought of as the inverse of the conditions
under which evolution will occur.

1. No selection for the fittest organism;

2. Random mating;

3. Large population;

4. Immigration or emigration must not change the gene pool; and
5. Mutational equilibrium.

No real population ever ceases to evolve, so no real population possesses these
characteristics completely. However, if a population approximates Hardy-Wein-
berg equilibrium, the following equation can be employed to predict the frequen-
cies of genotypes and phenotypes from allelic frequencies within a population:

p’+2pq+q’=1

This equation predicts the genotype frequencies of a gene with only two alleles
in a population in Hardy-Weinberg equilibrium. If p represents the frequency of
dominant alleles and q represents the frequency of recessive alleles in the popu-
lation, the first term in the equation (p”) indicates the fraction of homozygous
dominant genotypes in a population (like AA), the second term (2pq) indicates
the fraction of heterozygotes (Aa), and the third term (q°) indicates the fraction
of homozygous recessive genotypes in the entire population (aa). The difference
between the results here and those of Mendel for AA, Aa, and aa, are as follows:
rather than having a 1 in 2 chance of inheriting an allele (A or a) from one of the
two parents, as in Mendel’s calculation, here the probability corresponds to the
proportion of that allele (A or a) in the entire population.

To work through an example of using this equation, assume that ‘A’ is the
dominant allele and ‘a’ is the recessive allele, and that they are the only alleles for
aspecific gene. Now imagine that 80% of the alleles are ‘A’. This means that 80%
of the gametes will be ‘A’ and 20% will be ‘a’. The probability that two ‘A’s come
together is simply 0.8> = 0.64. The probability that two ‘a’s come together is 0.2°
=(0.04. Any remaining zygotes will be heterozygous, leaving 32% heterozygotes,
2 X 0.8 X 0.2 = 0.32). The fraction of heterozygotes can also be calculated by
adding the probabilities of the two gametic combinations that result in heterozy-
gotes — Aa and aA. Using the formula, we represent the frequency of ‘A’ as p and
the frequency of ‘a’ as q. Because there are only two alleles, p + q = 1.

Answer from page 42:

20 possible amino acids and 100
positions gives 20"°° possible
sequences.
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These questions are NOT related to a passage.

Item 41

Which of the following is NOT true concerning DNA
replication?

OA) DNA ligase links the Okazaki fragments.

O B) Helicase unwinds the DNA double helix.

O C) Only the sense strand is replicated.

O D) DNA strands are synthesized in the 5" to 3’
direction.

Item 42

Translation, transcription, and replication take place in
which of the following life cycle phases?

OA) G,
OB) S
OeC) G,
OD) M

Item 43

A scientist monitors the nucleotide sequence of the third
chromosome as a cell undergoes normal meiosis. What

is the earliest point in meiosis at which the scientist can
deduce with certainty the nucleotide sequence of the third
chromosome of each gamete?

OA) Prophase I

O B) Metaphase I
O C) Prophase II
O D) Telophase I

Item 44

Radiation therapy is used to treat some forms of cancer by
damaging DNA and thus killing the rapidly reproducing
cancerous cells. Why might radiation treatment have a
greater effect on cancer cells than on normal cells?

O A) Normal cells have more time between S phases to
repair damaged DNA.

O B) Damaged DNA is more reactive to radiation.

O C) Cancer cells have lost the ability to repair damaged
DNA.

O D) The effect of radiation is the same, but there are
more cancer cells than normal cells.

Item 45

When a human female is born, the development of her
oocytes is arrested in:

OA) prophase of mitosis.
O B) prophase I of meiosis.
O C) prophase II of meiosis.
O D) interphase.

Questions 41-48 of 96
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Item 46

In the pedigree below, the darkened figures indicate an
individual with hemophilia, a sex linked recessive disease.
The genotype of the female marked A is:

(@

£ b orm
SN AN
bl

OA) XHXh
O B) ann
O C) Xhxh
OD) XY

Item 47

Sickle cell anemia is an autosomal recessive disease. A male
with the disease and a female that is not diseased, but carries
the trait, produce two girls. What is the probability that
neither girl carries a recessive allele?

OA) 0%
OB) 25%
OC) 50%
O D) 66%

Item 48

If, in a very large population, a certain gene possesses
only two alleles and 36% of the population is homozygous
dominant, what percentage of the population are
heterozygotes?

OA) 16%
OB) 24%
OC) 36%
O D) 48%




EQUATION SUMMARY

Hardy-Weinberg equilibrium

ptq=1

p’+2pq+qi=1

TERMS YOU NEED TO KNOW

5' cap

A site

Activators

Addition mutation
Advantageous mutation
Allele

Alternative splicing
Anaphase

Anaphase |

Anaphase I

Anticodon

Aster

Barr body

Base substitution mutation
Bidirectional replication
Carcinogens

Carrier

Centrioles

Centromeres
Centrosomes

Chiasma

Chromatids

Chromatin
Chromosomal mutation
Chromosomes
Co-dominant

Codon

Complete dominance
Crossing over
Cytokinesis
Degenerative
Deleterious mutation
Deletion mutation
Deletions

Dihybrid cross

Dihybrid cross phenotypic ratio:
9:3:3:1

Diploid

DNA binding proteins
DNA helicase
DNA ligase

DNA methylation
DNA polymerase
Double crossover
DNA replication
Dominant
Duplications

E site

Elongation (in replication and
translation)

Euchromatin

Exons

Expressivity

F1 Generation

First filial
Frameshift mutation
Gametes
Gametogenesis
Gene

Gene duplication (gene
amplification)

Gene linkage

Gene mapping

Gene mutation

Gene pool

Genetic code

Genetic recombination

Gene repression

Genome

Genotype

Haploid

Hardy-Weinberg equilibrium

Heterochromatin

Heterozygous

Histones

Homologues
Homozygous

Hybrid

Incomplete dominance

Initiation (in replication and
translation)

Initiation codon
Initiation complex
Initiation factors
Introns

Inversion
Jacob-Monod model
Kinetochore

Lac operon

Lagging strand
Large subunit

Law of Independent Assortment
Law of Segregation
Locus

Meiosis

Meiosis |

Meiosis Il

Mendelian ratio: 3:1
Metaphase
Metaphase |
Metaphase ||
Missense codon
Missense mutation
Mitosis

mRNA

Mutagens

Mutation
Non-coding RNA (ncRNA)
Nondisjunction
Nonsense mutation
Nucleolus
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TERMS YOU NEED TO KNOW

Nucleosome
Okazaki fragments
Oncogenes
Oogonium
Operon

Origin of replication
Ovum

P site

Penetrance
Phenotype

Point mutation
Polar body

Poly A tail
Positive control
Post-translational modifications
Primary transcript
Primase
Promoter
Prophase
Prophase |
Prophase ||
Punnett square
Random errors
Recessive
Release factors

Repetitive DNA
Repressors
Ribosome
Ribozyme

RNA polymerase
RNA primer

rRNA
Semiconservative
Semidiscontinuous
Sex chromosome
Sex linked

Signal peptide
Signal-recognition particle (SRP)
Silent mutation
Single copy DNA
Single crossover
Single or multiple
Small subunit
snRNA

snRNPs

Sperm
Spermatogonium
Spindle apparatus
Spindle microtubules
Splicing

Spliceosome

66 EXAMKRACKERS MCAT® — BIOLOGY 1: MOLECULES

Stop codon (termination codon,
nonsense codon)

Synaptonemal complex
Supercoils

Telomeres

Telophase

Telophase |

Telophase I

Termination (in replication and
translation)

Test cross

Tetrads

The Central Dogma
Traits

Transcription
Transcription factors
Translation
Translocation
Transposable elements (transposons)
Triplet code

tRNA

Tumor suppressor genes
Wildtype

Wobble pairing

Zygote

DON'T FORGET YOUR KEYS
1. DNA is potential; RNA is
regulation; protein is action.

2. Location matters — nucleus or
cytoplasm?

3. See mitosis, think replication;
see meiosis, think reproduction.




31 | Introduction

Organisms consume nutrients to satisfy their need for energy. Because food is
not always readily available or constantly consumed, organisms must regulate the
storage and use of energy so that they do not run out. When a cell uses a molecule
for energy, it generally tries to turn it into acetyl-CoA or other Krebs cycle inter-
mediates, which are then used to create ATP, the cell’s primary energy molecule.
When a cell stores a molecule, it polymerizes multiple monomers of the same
kind, condensing their size and thus making it more convenient to store. Examples
of this process include glycogenesis and fatty acid storage.

While some tissues can produce energy from a variety of molecules, other tis-
sues rely almost exclusively on glucose to function. Because of this demand, it is
the blood glucose level that regulates both intracellular and systemic pathways.
This control comes from the hormones insulin and glucagon, which promote
the storage and use of blood glucose, respectively. When a meal has been eaten
recently, insulin directs tissues to use and store glucose that was absorbed in the
intestines. When the body is in a fasting state, glucagon directs the liver to release
glucose it has previously stored for use by other organs. The liver does not have
enough glucose to supply the entire body, so other sources of energy such as fatty
acids help to spare glucose for the brain and red blood cells, which depend on
glucose.

|

:f The food humans consume contains energy from a number of sources, includ-
ing carbohydrates, lipids, and proteins. To make this energy available to the cell,
energy is stored in compounds such as NADH and ATP. NADH stores energy in
the high-energy electrons of a hydride ion, and ATP stores it in high-energy phos-
phate bonds. NADH is primarily produced in the citric acid cycle and converted
to ATP via the electron transport chain. The citric acid cycle and the electron
transport chain make up a common final pathway of metabolism — the breakdown
of many molecules leads here, where they are ultimately converted into ATP and
carbon dioxide.

Glucose —» Pyruvate

\

Pyruvate Oxidation
Acetyl-CoA

N

l—} Electron Transport Chain b’ W

Metabolism

3.1 Introduction

3.2 Use Versus Storage
3.3 Glucose Metabolism

3.4 Fatty Acid Metabolism
3.5 Protein Metabolism

3.6 Regulation of Metabolism
3.7 Energy: ATP and NADH
3.8 Metabolic Disorders

THE 3 KEYS

1. Metabolic pathways
move toward either the
storage or production of
energy.

2. Blood glucose levels
regulate systemic and
intracellular pathways.

3. NADH and ATP are the
cell's energy molecules.
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Use Versus Storage

Molecules have two metabolic fates:
storage and use. Molecules can be brought
out of storage and used to synthesize new
molecules.

Glycolysis has traditionally been

tested in some detail on the MCAT®.

5.2 |Use Versus Storage

The first part of this lecture focuses on the directionality of metabolic pathways
toward either the use or storage of a molecule. Metabolic pathways proceed in one
direction to store extra energy molecules after a meal if they are not immediately
needed. Through the reversal of the same pathways, the stored energy molecules
can be released many hours after a meal, when the intestines are empty of food.

The most important energy molecules on the MCAT®" are carbohydrates and
lipids. Proteins can also provide energy for the body, but this is mostly outside
the scope of the MCAT®™. Carbohydrates are stored primarily in the muscle and
liver as glycogen. This storage process is called glycogenesis. Carbohydrates can
be taken out of storage and broken down for energy. Processes that use carbohy-
drates include the breakdown of glycogen, or glycogenolysis, and the breakdown
of glucose, or glycolysis.

Lipids, in the form of fatty acids, undergo roughly the same processes. They are
primarily stored in adipocytes, or fat cells, in the form of triglycerides. They are
also taken out of storage and broken down for energy. The chemical breakdown
of a fatty acid is called beta-oxidation.

Glycogen Glucose
Acetyl-CoA

Triglycerides Fatty Acids

3.3 | Glucose Metabolism

Use of Glucose

After a meal, the body uses newly absorbed glucose to satisfy its energy needs.
The first step in this process is glycolysis, the breakdown of glucose into pyruvate.
In this respect, glycolysis is a "use" pathway. Specifically, it describes the acquisi-
tion and use of glucose within a single cell. At the end of glycolysis, pyruvate can
be turned into acetyl-CoA, which enters the citric acid cycle and the electron
transport chain. A number of pathways feed into the citric acid cycle and electron
transport chain. These final two pathways will be examined later in the lecture.
Glycolysis is a series of reactions that converts a 6-carbon glucose molecule into
two 3-carbon molecules of pyruvate. All living cells and organisms are capable
of breaking down glucose to pyruvate; glycolysis is the most common chemical
pathway for this process. Glycolysis is a particularly important metabolic pathway
because it can occur with or without the presence of oxygen (aerobic or anaero-
bic conditions). Glycolysis occurs in the cytosol (fluid portion) of living cells.
The ten steps of glycolysis can be split into two equal halves. In the first half,
two phosphate groups from two different ATP molecules are added to glucose.
These phosphate groups are bulky and charged, and thus trap glucose inside the
cell. They also prime the glucose, allowing the 6-carbon glucose to be split into
two 3-carbon molecules (glycerol 3-phosphate and dihydroxyacetone phosphate).
The first step of the first half of glycolysis occurs upon the entry of glucose into
any human cell. Because this half requires the use of ATP, it is called the energy
input phase. It is also called the six carbon phase because it is before glucose is split.
In the second half of glycolysis, the two newly created 3-carbon molecules are
each converted to pyruvate. Through this process, two ATP are produced per
3-carbon molecule (four ATP total). In addition, one NADH is generated from
NAD? per molecule (two NADH total). Because energy molecules are created in
the second half of glycolysis, it is called the energy output phase. It is also called the
three carbon phase because it is after the split of glucose. The net product of glycoly-
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Gibbs Free Energy for the Steps of Glycolysis

Notice that the steps in the energy input phase seem to have an overall greater negative
change in Gibbs free energy than the energy output phase. These reactions with a very nega-
tive AG will be spontaneous and likely irreversible, which is important for gluconeogenesis.

ATP input gives me the
energy | need to get over
the glycolysis walll

_( Energy input phase )_( Energy output phase },

M oo00

AG / (kJ/mol)

Glycolysis step

sis for each glucose molecule is two ATP and two NADH. The actual molecular

~ steps of glycolysis can be seen in Figure 3.3. MCAT® THINK

The production of ATP in glycolysis is somewhat unusual. Most ATP in the
cell is produced by the electron transport chain. The production of ATP by the We normally think about glycolysis

transfer of a phosphate molecule from a molecule to an ADP, as in glycolysis, is as running forward, from glucose to
called substrate-level phosphorylation. pyruvate. Would glycolysis ever run

The substrates of glycolysis include more than just glucose. Other monosac- backward? Under what conditions
charides such as fructose and galactose feed into glycolysis as well. Much of the would this happen? (See answer on
fructose and galactose ingested by humans is converted into glucose by the liver; p. 88.)

however, a fructose or galactose molecule can enter glycolysis as an intermediate
of the six carbon phase.
Fermentation describes metabolism in the absence of oxygen; in other words, it

- is glucose undergoing anaerobic respiration. This process includes glycolysis as well

as the reduction of pyruvate to ethanol or lactic acid and the oxidation of NADH
back to NAD". Yeast and some microorganisms produce ethanol in fermentation,
while human muscle cells and other microorganisms produce lactic acid. During
fermentation, NAD" is restored from NADH for use in glycolysis, and the lactic
acid or ethanol, along with carbon dioxide, is expelled from the cell as a waste
product. Fermentation is not an optimal process, producing only 2 ATP per glu-
cose molecule. By contrast, the Krebs cycle can produce as many as 36 ATP from

~ one molecule of glucose, as discussed later in this lecture. However, without the

regeneration of NAD™ from NADH, ATP could not be generated at all.
There is also an alternative pathway to glycolysis — the pentose phosphate

: pathway (PPP). This pathway diverges from glycolysis and eventually merges

back with glycolysis at glyceraldehyde-3-phosphate (abbreviated as PGAL or
G3P). Its purpose is to create NADPH and some five carbon sugars, including
ribose. The first half of the pathway, referred to as the oxidative branch, gener-
ates NADPH. NADPH is used in various synthetic functions of the body, such as
making cholesterol, and also acts as an antioxidant. The second, referred to as the
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[FiuRe 3.5 JGlycolysis

CH,OH ;
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L Glucose OH H
HO OH
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ADP

L Glucose 6-phosphate

( Fructose 6-phosphate

{ATP

ADP

(®—oHnc O

( Fructose 1,6-bisphosphate

Dihydroxyacetone
phosphate

T
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H H
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Of course, all these reactions are
governed by enzymes. A typical
MCAT® question will ask what
happens when a certain enzyme is
inhibited by a poison. The poison will
create a buildup of reactants and
adramatic reduction of products
of the reaction that the enzyme
governs. A related question would
test an inborn error of metabolism,
in which an enzyme in a person was
missing or nonfunctional because
of a mutation. The effect would be
Just like that of an inhibitory poison.
A third question might ask you to
predict the effect of a hormone on
an enzyme-catalyzed reaction. In
the case of glycolysis, insulin will
speed up the reaction, and glucagon
will slow it down.
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enzymes involved in glycolysis; it is
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non-oxidative branch, creates important five carbon sugars for the cell, like ribose
for nucleotides. The pathway is constitutively active, or active at all times. While it
occurs to some extent in all tissues, it occurs most commonly in tissues involved in
lipid synthesis, such as in the liver and adipocytes. The pentose phosphate pathway
is not regulated by an external hormone, but rather by NADPH, which inhibits
the first step.

Storage and Release of Glucose

Glucose has the potential to be used by all cells via glycolysis. Some types of cells,
such as muscle and liver cells, can also store glucose as glycogen for later use. Muscle
cells store glucose for their own use. Liver cells store glucose so that they can later
release it for use by other cells. The storage of glycogen is called glycogenesis,
while the breakdown of glycogen is called glycogenolysis. Liver cells also have
the unique property of being able to synthesize glucose from non-carbohydrate
products, such as proteins and lactic acid, in a process called gluconeogenesis.
Glucose produced by gluconeogenesis is also released for use by other cells.
Glycogen is a polymer of glucose molecules linked by a—1,4" glycosidic bonds.
The primary substrate for glycogenesis is glucose 6-phosphate, the product of the
first step of glycolysis. Glycogen synthesis uses one UTP, which is a triphosphate
nucleotide that is energetically equivalent to ATP. Glycogenolysis does not require
ATP. Instead an inorganic phosphate is enzymatically added to each a—1,4" bound
glucose. Glycogen has occasional a—1,6" glycosidic bonds that create side chains.

The metabolism of these side branches is more complicated, but is unlikely to be
tested on the MCAT™.

Synthesis of Glucose

In the fasting state, soon after glycogen breakdown begins, the liver begins the pro-
cess of gluconeogenesis, synthesizing new glucose molecules out of materials that are
not necessarily carbohydrates. Gluconeogenesis is important because it takes products
that would otherwise be useless, such as lactic acid, and turns them into glucose. Glu-
coneogenesis, in conjunction with glycogenolysis, helps to maintain the blood glu-
cose level many hours after a meal has been eaten. The pathway of gluconeogenesis
is almost identical to the reversed pathway of glycolysis. Recall that enzymes catalyze
both the forward and the backward reactions. A few of the reactions of gluconeo-
genesis with particularly large AG values have enzymes that are distinct from those of
glycolysis. Gluconeogenesis produces free glucose that can be used by other organs.
To be a substrate for gluconeogenesis, the molecule must have a 3-carbon back-
bone. For example, fatty acids are catabolized two carbons at a time into ace-
tyl-CoA, and therefore cannot act as substrates for gluconeogenesis. In contrast,
glycerol, the three carbon backbone of a triglyceride, does have a three-carbon

You can recognize the steps that

: : . have large AG values because they
backbone and can be used for gluconeogenesis. Some, but not all, amino acids can usually involve either ATP or NADH.

be used for gluconeogenesis as well. Lactic acid can also be used as starting mate- If the MCAT® asks you to predict

ral for gluconeogenesis. which reaction has the largest

AG, or which would need a distinct

Glycolysis "Waterfall" Glucose enzyme to run in the reverse
Each number represents the AG in vivo of direction, you should pick the step
areaction of glycolysis. The steps with the 7 that involves ATP or NADH.
largest AG are the primary control points —~D
of the pathway and therefore are not easily
reversible. Notice these are also the reactions
that involve ATP. Because the other reactions 3
have relatively small AG values, they are
more easily reversible, and their products and 4 687
reactants are kept in a relatively constant
proportion called a dynamic steady state. -7} 8 ¢ 10
—— Pyruvate
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Glycolysis and gluconeogenesis, like glycogenesis and glycogenolysis, are com-
peting processes that are regulated by competing hormones. Prominent hormones
for these reactions include insulin and glucagon. Like all hormones, their effects
are widespread and diverse. In general, insulin promotes glycolysis and glycogen-
esis (decreasing glucose), while glucagon promotes gluconeogenesis and glycoge-
nolysis (increasing glucose). Some exceptions to this rule will be discussed later.

All of these pathways — glycolysis, gluconeogenesis, glycogenesis, and glycoge-
nolysis — intersect at a molecule called glucose 6-phosphate. For example, glucose
6-phosphate may be converted to glucose 1-phosphate and then to glycogen for stor-
age if glucose is plentiful. If glucose 6-phosphate follows the glycolytic pathway, it
is converted to fructose 6-phosphate in the second step of glycolysis.

Central Role of Glucose 6-Phosphate

Glucose
A

Glycolysis | | Gluconeogenesis

~_Glycogenesis Y Pentose
Glycogen _ Glucose-6-Phosphate ——> phospate
Glycogenolysis A pathway
Glycolysis | | Gluconeogenesis
Y
2 Pyruvate

5.4 |Fatty Acid Metabolism

Use of Fatty Acids

There are many types of lipids, as discussed in Lecture 1 of this manual. As far as
metabolism is concerned, the MCAT™ primarily tests fatty acids and triglycerides.
These molecules store energy for the body. Because they contain long chains of
alkanes, they are the most potent reducing agents in the body. Carbohydrates
have alcohol groups that decrease the reducing potential of the carbons to which
they are attached by partially oxidizing them. A similar comparison can be made
between saturated and unsaturated fats. Because unsaturated fats have two fewer
electrons for every double bond present, their reducing potential is decreased.
Thus, unsaturated fats store less energy, measured as calories, in the body. This is
part of the basis of recommendations to include more unsaturated fats in the diet
than saturated fats. For a review of oxidizing and reducing agents, see the Solu-
tions and Electrochemistry Lecture in the Chemistry Manual.

Fatty acids can be used in two different ways in the body. First, they can be
used directly by the organ into which they diffuse. They are broken down into
acetyl-CoA in a process called beta-oxidation. Second, in the liver, they can be
converted into a new molecule, called a ketone body, which can be shared with
other organs for energy. This process is called ketogenesis.

In the fasting state, beta-oxidation begins at about the same time that gluconeo-
genesis begins. Fatty acids are freed from adipocytes and travel in the bloodstream
via lipoproteins to the liver and any other organs that can use them. The fatty acids
diffuse through the cell membrane and enter into the mitochondria, where they
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Acetone Acetoacetic acid Beta-hydroxybutyrate

begin to undergo beta-oxidation. The process is called beta-oxidation because
fatty acids are oxidized two carbons at a time.

Beta-oxidation occurs in two steps. Fatty acids are first converted into acyl-
CoA, at the expense of 1 ATP, along the outer membrane of the mitochondrion.
The acyl-CoA is then brought into the mitochondrial matrix, where it is cleaved
two carbons at a time to make acetyl-CoA. This reaction also produces FADH,
and NADH for every two carbons taken from the original fatty acid. Acetyl-CoA
then enters into the citric acid cycle. The glycerol backbone of the triglyceride is
converted into an intermediate of glycolysis.

Beta-oxidation works well for even-chain fatty acids, but odd-chain fatty acids
end with a three carbon fatty acid. This three carbon molecule, as well as glycerol,
can act as a substrate for gluconeogenesis. Because the single three carbon fatty
acid makes up just a small fraction of any triglyceride molecule, it is occasionally
said that lipids do not serve as a substrate for gluconeogenesis, even though that is
not strictly true.

In addition to directly providing energy to cells via beta-oxidation, fatty acids
can provide energy indirectly through ketone bodies produced by ketogenesis.
There are three primary ketone bodies produced in humans: acetone, acetoacetic
acid, and beta-hydroxybutyrate. Each of these is a small molecule with a carbonyl

~ group. The carbonyl allows them to dissolve in the blood stream via hydrogen
bonding, while also not adding charge, which would make crossing the cell
membrane difficult. The biological purpose of ketone bodies is to spare glucose
for the brain and red blood cells by providing an alternative source of energy for
the other organs. However, if needed, the brain can use ketone bodies to supply
a portion of its energy.

Ketogenesis takes place in the mitochondria of liver cells. The process is simi-
lar to gluconeogenesis, in that a substrate (fatty acid) enters the liver and is pro-
cessed into a new molecule (ketone body) that can be sent to other organs.
However, ketone bodies are not substrates for gluconeogenesis. During starva-

-~ tion, energy for the liver comes from fatty acids. In fact, fatty acids supply so
much acetyl-CoA that the liver cannot use all of it. In the absence of insulin,
some of the acetyl-CoA is converted to ketone bodies, which can travel to other
organs, where they are converted back into acetyl-CoA and fed into the citric
acid cycle.

The acetone produced in ketone
body formation is the same
acetone you might use as a solvent
in organic chemistry labs or when
removing fingernail polish. It smells
fruity, and you can smell this on
the breath of a person who is
producing ketone bodies. Beta-
hydroxybutyrate is not actually

a ketone, but rather a carboxylic
acid. For the purposes of biology
and biochemistry, it is still called a
ketone body.

Link gluconeogenesis, glycogenolysis, and beta-oxidation together in your
mind as the processes that happen a few hours after you eat. In cases of
extreme starvation, think of ketogenesis as well.

Storage and Release of Fatty Acids

Lipids are insoluble in the bloodstream, so they are transported in association
with proteins. The entire complex of lipid and protein is known as a lipopro-
tein. Lipoproteins are produced primarily in the liver, intestines, and adipo-
cytes, and are expelled from these cells via exocytosis. The intestines produce a
special type of lipoprotein called a chylomicron, which contains a higher ratio
of lipid to protein. Lipoproteins are the primary transport molecules that carry
lipids from the intestines to the liver. The liver, in turn, repackages chylomi-
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crons as very low density lipoproteins (VLDL) and high density lipoproteins (HDL).
VLDL transport lipids such as triglycerides, phospholipids, and cholesterol from
the liver to other parts of the body, such as muscle and adipocytes. HDL, in
contrast, picks up stray fatty acids and triglycerides from the periphery and
brings them to the liver.

The liver also has the ability to generate fatty acids out of materials that are not
lipids. After a meal full of carbohydrates, the excess of sugar produces too much
acetyl-CoA for the liver to use. In the presence of insulin, the excess acetyl-CoA
is converted into fatty acids in the cytosol. This process is in contrast to ketogen-
esis, which also begins with excess acetyl-CoA in the liver, but is associated with
low insulin levels and takes place in the mitochondria.

Lipids are stored inside adipocytes as triglycerides. Triglycerides organize fatty
acids in a condensed, organized way, just as glycogen organizes glucose molecules.
Immediately after a meal, lipids are transported by VLDL to adipocytes and stored
for future use. In a fasting state (around the time of gluconeogenesis), triglycer-
ides are broken down in the cell by lipase. Lipase is an enzyme that hydrolyzes
triglycerides and releases free fatty acids into the bloodstream. This lipase is very
similar to the lipase that breaks down triglycerides in the intestines. The fatty acids
released are then taken around the body to various tissues that use them for beta-
oxidation. In times of extreme starvation, the body will also turn fatty acids into
ketone bodies in the liver.

Ve Systery

~ Digest
—__ BIOLORY =

Intestinal lipase tries to get
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Link glycolysis, glycogenesis, and triglyceride storage together in your mind
as defining the fed state. Glucose is used by all tissues for immediate energy
needs, and any extra glucose and other high energy molecules are put into
storage.
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5.5 | Protein Metabolism

Protein and amino acid metabolism includes protein formation and protein break-
down. Protein formation, or protein anabolism, occurs primarily during the fed
state and should be associated with glycolysis, glycogenesis, and lipid storage. Pro-
tein breakdown, or protein catabolism, occurs primarily during the fasting state
and should be associated with gluconeogenesis, glycogenolysis, beta-oxidation,
and ketone body synthesis.

While protein formation occurs primarily in the fed state, recall that translation
depends on mR NA and the ribosome, and that regulatory control has many levels
beginning at the level of the DNA. (The structures of proteins and amino acids
are discussed in the Biological Molecules and Enzymes Lecture, and translation is
discussed in the Genetics Lecture.) Proteins are made from amino acids, and the
bulk of a cell’s amino acids are incorporated into proteins, which are constantly
being synthesized and degraded. Aside from this pool of amino acids, there is no
true storage form of amino acids analogous to glycogen or triglycerides.

Protein breakdown begins with the hydrolysis of amino acid chains in the small
intestines. Recall that amino acids are connected by amide bonds, which can
be hydrolyzed into an amine plus a carboxylic acid. Enzymes such as trypsin,
chymotrypsin, and carboxypeptidase cleave proteins into small mono-, di-, and
tri-amino acids. The final small amino acid chains are cleaved by enzymes of the
brush border. They are then absorbed and released into circulation by intestinal
epithelial cells. Amino acid breakdown begins with the removal of the nitrogen
group, producing ammonia and a carbon chain. The ammonia is fed into the urea
¢ycle to become urea, which is excreted in the urine. The carbon chain can then
serve as a substrate for various stages of the citric acid cycle.

Amino acids can be used to synthesize a number of biological substances besides
proteins. Some of them can be substrates for gluconeogenesis, while others are sub-
strates for ketogenesis. They are also used to form neurotransmitters and hormones,
as well as heme, the oxygen-carrying portion of hemoglobin. Amino acids can even
be used to create other amino acids. Eleven of the twenty amino acids can be syn-
thesized from other amino acids. The other nine are referred to as essential amino
acids, which must be obtained from the diet.

For the MCAT®, understanding the nature of each metabolic pathway and how
the pathways fit together will be rewarded over the memorization of individual
molecules and steps. Read this lecture for the "mainidea” of each metabolic
pathway and how it contributes to the energetic needs of the body.
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These questions are NOT related to a passage.

Item 49

VLDL is produced by which of the following organs?

OA) The intestines
O B) The liver

O C) Adipocytes
O D) Muscle

Item 50

Which of the following would be expected to cross a cell
membrane without the aid of an accessory protein?

OA) Glucose
O B) Glycine
O C) Ketone bodies
O D) Triglycerides

Item 51

What is the net ATP production from fermentation?

OA) 0ATP
OB) 2ATP
OC) 4 ATP
OD) 8ATP

Item 52

Which of the following produces the most ATP per unit
mass?

OA) Saturated fats
O B) Unsaturated fats
O ) Glucose

O D) Protein

Item 53

Which of the following processes occurs under both aerobic
and anaerobic conditions?

OA) Electron transport chain
O B) Krebs cycle

O C) Glycolysis

O D) Oxidative phosphorylation

Questions 49-56 of 96
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Item 54

Glycolysis takes place in the cytoplasm of an animal cell.
Which of the following is NOT a product or reactant in
glycolysis?

OA) Glucose
O B) Pyruvate
OC) ATP
OD) 0,

Item 55

Heart and liver cells can produce more ATP for each
molecule of glucose than other cells in the body. This is most
likely due to:

O A) amore efficient ATP synthase on the outer
mitochondrial membrane.

O B) an additional turn of the Krebs cycle for each
glucose molecule.

O C) amore efficient mechanism for moving NADH
produced in glycolysis into the mitochondrial
matrix.

O D) production of additional NADH by the citric acid
cycle.

Item 56

Which of the following is an example of substrate-level
phosphorylation?

O A) The phosphorylation of glucose by glucokinase

O B) The reduction of NAD" by triosphosphate
dehydrogenase

O C) The removal of a phosphate group from glucose
6-phosphate by glucose 6-phosphatase

O D) The addition of an inorganic phosphate to ADP by
pyruvate kinase




36 |[Regulation of Metabolism

This section will describe the guiding principles of metabolic regulation. On the
level of the organism, the primary source of energy is glucose. While nothing in
biology is ever absolute, there are two rules that are almost always true in metabo-
lism. The first is that blood glucose only can come from the intestines or the liver.
The second is that red blood cells and the brain always require glucose.

Glucose Supply

Immediately after a meal, the intestines are a source of abundant glucose. The
amount of glucose presents a metabolic challenge — if the blood glucose level gets
too high, some of the glucose will spill out in the urine. The kidney can only
reabsorb glucose at a certain rate (see the Digestive and Excretory Systems Lecture
in Biology 2: Systems for kidney physiology). In this state of glucose abundance, the

body actively works to store glucose via glycogenesis. Extra glucose is also con- Physiologically normal individuals do

verted to fatty acids and stored as triglycerides in adipocytes. Thus, when there not excrete glucose in their urine.

is a supply of glucose coming from the intestines, metabolic pathways tend to use However, people with diabetes,

glucose and store excess glucose as glycogen and triglycerides. who have insufficient or ineffective
By contrast, a few hours after a meal, the liver becomes the primary supplier insulin, do excrete glucose. One of

of blood glucose. The liver can make glucose in two different ways: it can break the tests for diabetes is to check

down its glycogen stores via glycogenolysis, and it can manufacture new glucose for glucose in the urine.

from non-carbohydrate molecules via gluconeogenesis. The glucose supply from
the liver is nowhere near as abundant as that which comes from the intestines dur-
ing and immediately after a meal. When glucose is being provided by the liver,
metabolic pathways release glucose and fatty acids for use.

1 Glucose Demand

1 .~ The brain and the red blood cells present a fixed glucose demand. Both require
- asteady supply of glucose to function. Glucose is one of the few molecules that
can penetrate the protective barrier between the blood and the brain, known as
the blood-brain barrier. Red blood cells require glucose because they do not have
mitochondria; thus, their metabolism is limited to fermentation in the cytosol.
When glucose is abundant and coming mostly from the intestines, all organs will
use blood glucose. However, when the glucose supply comes from the liver, it is
limited. Most organs will begin to use fatty acids from adipocytes for their energy
needs. The muscles are a special case in that they have their own internal glycogen
supply. Muscles keep glucose produced from their glycogen stores for internal use
rather than releasing it. They can use fatty acids as an energy source as well. All
organs, except red blood cells, can also use ketone bodies for energy.

Hormones Communicate Glucose Levels

Blood glucose is primarily regulated by the hormones insulin and glucagon,
although epinephrine and cortisol are also involved. Insulin is released from the
pancreas in response to increased blood glucose levels and promotes glycolysis in
all tissues, glycogenesis in the liver and muscle, fatty acid synthesis in the liver,

- and fatty acid storage in adipocytes. Glucagon is released from the pancreas in
response to decreased blood glucose levels and promotes glycogenolysis in the liver
and muscle, gluconeogenesis in the liver, fatty acid release in adipocytes, and beta-
oxidation in almost all tissues. In late starvation, the absence of insulin promotes
ketogenesis. Epinephrine is released in response to stress and, like glucagon, pro-
motes glycogenolysis, the removal of glucose from storage. Cortisol is also released
In response to stress, but promotes gluconeogenesis instead.

Endocrine System
~ BIOLOGY2___ :
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Chemical signals in the bloodstream control metabolic pathways by regulating
the enzymes of metabolism. All biochemical signal molecules must have recep-
tors in order to have an effect. Insulin, epinephrine, and glucagon are hydro-
philic hormones and thus have receptors on the outside of the cell membrane.
Cortisol, a glucocorticoid, is a hydrophobic hormone and has receptors in the
nucleus. Hormones control metabolic enzymes in the same ways that all enzymes
are controlled:

1. phosphorylation;

2. regulation of the synthesis of enzymes;
3. use of control enzymes; and

4. local metabolic effects.

Insulin and glucagon tend to exert their effects via reversible phosphorylation,
though they can use any of the first three mechanisms above. Glycogen synthase,
the enzyme that makes glycogen, is inactivated by phosphorylation. This process
is mediated by insulin acting through a membrane protein. As another example,
cortisol and glucagon regulate glucose 6-phosphatase, the last enzyme of gluco-
neogenesis, by increasing its synthesis. Control enzymes are perhaps the most
complicated. An example is phosphofructokinase-2. The exact function of this
enzyme is beyond the scope of the MCAT®, but it is activated by insulin and cata-
lyzes the creation of a molecule that is a potent activator of glycolysis.

Local metabolic effects occur in accordance with Le Chatelier’s principle.
Increasing substrate concentration causes an increase in the amount of product
that is formed. This effect is not controlled by a hormone, but rather by local mol-
ecule concentrations. Ketogenesis provides an example of local metabolic effects
When there is too much acetyl-CoA for the citric acid cycle in the liver to use,
the liver begins to generate ketone bodies. Of course, insulin must also be absent
for this to happen. However, the lack of insulin is simply permissive, or allows
ketogenesis to happen. What truly starts the creation of ketone bodies is an excess
of acetyl-CoA.
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Start with the source
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Whenever you see a question on the MCAT® that asks about metabolic
pathways, always start by considering the source. Is the source of energy
the intestines or the liver? If the question refers to someone who has just
eaten a meal, or says that only one or two hours have passed since eating,
the source is the intestines. In this case, you are in luck! All organs carry out
glycolysis, the citric acid cycle, and the electron transport chain. Carbohy-
drates and lipids are stored as glycogen and triglycerides, respectively.

If more than two or three hours have passed since a meal, the source is

the liver. Metabolism is more complex when this is the case. First, think

about how the liver creates glucose for other organs - then you know that
the liver is carrying out glycogenolysis and gluconeogenesis. Second, think
about fixed demand. Ask yourself what parts of the body REALLY need the
glucose - then you know that the red blood cells and the brain are carrying
out glycolysis, the citric acid cycle, and the electron transport chain. Third,
think about variable demand. Ask yourself how all of the other organs in the
body get their energy — you know they obtain it from fatty acids, not glucose.
Thus all other organs use beta-oxidation! There are only two exceptions to
this rule that you must know. One is that muscles have their own supply of
glycogen to use internally. The second is that many hours after eating a meal
(approximately eight to twelve hours), the liver also makes ketone bodies,
which can be used by all parts of the body except red blood cells.

Think about source, fixed demand, and variable demand when you answer any
metabolism question on the MCAT®. The MCAT® will often give you one piece of
information and require you to fill in another. Try two examples:

1) If the liver is undergoing gluconeogenesis, what is happening in an adipocyte?
Inthis scenario, the liver is behaving as a source of glucose. The fixed
demand (the red blood cells and the brain) have priority for this supply.

All other tissues use beta-oxidation. Thus adipocytes must be carrying
out fatty acid breakdown. They can also use some fatty acids for beta-
oxidation themselves.

2) If the liver is undergoing glycolysis, what is happening in the muscle?
Inthis scenario, the source must be the intestines. Thus all organs are
undergoing glycolysis, including muscle. Since muscles also form their own
glycogen stores, they are carrying out glycogenesis as well.
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These questions are NOT related to a passage.

Item 57

If gluconeogenesis is occurring in the liver, which metabolic
pathway will be happening in a red blood cell?

OA) Gluconeogenesis

O B) Glycogenolysis

O C) The citric acid cycle

O D) The pentose phosphate pathway

Item 58

Glucose 6-phosphatase is the enzyme that catalyzes the
last step of gluconeogenesis, the formation of glucose
from glucose 6-phosphate. If a child were born without a
functional version of this enzyme, which of the following
problems would be expected?

OA) Decreased glycolysis in the liver during the fed

state
O B) Decreased glycogenesis in the liver during the fed
state

O C) Decreased exit of glucose from muscle cells during
the fasting state

O D) Decreased blood glucose levels during the fasting
state

Item 59

When hormone-sensitive lipase is active during the fasting
state, which of the following processes will not be active in a
muscle cell?

OA) Glycolysis

O B) Gluconeogenesis

O C) The citric acid cycle

O D) The electron transport chain

Item 60

Which of the following cells does NOT produce carbon
dioxide?

OA) Red blood cells

O B) Muscle

OC) Liver

O D) Adipocytes

Questions 57-64 of 96
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Item 61

During the fasting state, and assuming that bloodstream
oxygen levels are normal, which of the following does NOT
serve as a substrate of gluconeogenesis in the liver?

OA) Lactate
O B) Glycerol
O C) 0dd chain fatty acids
O D) Even chain fatty acids

Item 62

Which of the following organs CANNOT use fatty acids as
an energy source?

OA) The liver
O B) Muscle

O C) The brain
O D) The kidney

Item 63

Which of the following does NOT represent a correct
pathway for the control of metabolism at the biochemical
level?

OA) Insulin phosphorylates an enzyme to inactivate it.

O B) Glucagon phosphorylates an enzyme to inactivate
it.

O C) An abundance of ATP in the cell slows glycolysis.

O D) Epinephrine triggers the destruction of enzymes in
the cell.

Item 64

One hour after a meal, which hormone would be expected to
be elevated?

OA) Insulin

O B) Glucagon
O C) Epinephrine
O D) Cortisol




37 |Energy: ATP and NADH

On the cellular level, the primary source of energy is the nucleotide adenosine

triphosphate (ATP), which contains three phosphate groups. Phosphate groups
are very hydrophilic, and donation of these groups can change the conformation of
proteins. For example, the addition of a phosphate group to Na'/K" ATPase allows
the enzyme to change configuration and pump Na" and K" against their concentra-
tion gradients. NADH is also an important source of cellular energy. It stores energy
in the high energy electrons of its hydride and is used to drive ATP formation in the
electron transport chain.

The phosphate groups of ATP contain phosphoanhydride bonds, or phosphoric
acids that are linked at an oxygen atom. Their chemical reactivity is similar to that
of the anhydrides discussed in the Oxygen Containing Reactions Lecture in the
Chemistry Manual. Hydrolysis of phosphoanhydride bonds, which is spontaneous
and exothermic, can provide the energy required for less energetically favorable
reactions. For an exothermic reaction, AH, or the change in enthalpy, is nega-
tive. For a spontaneous reaction, AG, or the change in Gibbs free energy, is also
negative.

Cells must constantly maintain functional levels of ATP to power metabolic
reactions. ATP is synthesized by the addition of one phosphate group to adenosine
diphosphate (ADP).

ATP and ADP
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Note that a hydride ionis an H™ ion.
It consists of a proton and two
electrons. A hydride ion is not the
same as a hydrogen proton, which
has no electrons.
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Know that
ATP — ADP + P has AG << O.

ATP synthase operates by
brute force. It forces the ADP
and phosphate group to join by
smashing them together.

NAD* and NADH

Since the hydrolysis of ATP has a negative AG, the synthesis of ATP has a positive
AG of equal magnitude. The energy for this synthesis is extracted from the diet. All
ATP is synthesized by the addition of a phosphate group to adenosine diphosphate;
this addition is called phosphorylation. Oxidative phosphorylation occurs when
oxidation reactions provide the energy for phosphorylation. In the mitochondria, a
series of oxidation reactions results in the creation of a proton gradient that powers
a turbine-like enzyme, ATP synthase, that catalyzes the synthesis of ATP. In sub-
strate-level phosphorylation, oxidation and phosphorylation are not coupled. ADP
is simply one of several substrates in an enzyme-catalyzed reaction that results in
transfer of a phosphate group to ADP. There are enzymes in both glycolysis and the
citric acid cycle that catalyze substrate-level phosphorylation.

The energy to run oxidative phosphorylation comes from NADH, which is
the reduced form of nicotinamide adenine dinucleotide (NAD"). NAD" consists
of two nucleotides joined together by phosphate groups. Recall that a nucleotide
consists of a base, a five carbon sugar, and at least one phosphate group. One of
the base groups of one of the nucleotides in NAD" can exist in either an oxidized
or reduced state. In the reduced state, NAD" has accepted a hydride ion (H) to
become NADH. In other words, it has gained electrons. NADH carries electrons
to the electron transport chain, acting as a soluble electron carrier. The hydride
ion serves as the source of electrons passed down the electron transport chain to
oxygen, powering the movement of three H” into the intermembrane space of the
mitochondrion. By diffusing down their concentration gradient, these hydrogen
ions power ATP synthase.

NAD* NADH
) Reduction H H 0
+ 2 electrons & 1 proton H*
< NH2
Oxidation | |
— 2 electrons & 1 proton H”
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NADH and the Citric Acid Cycle

While NADH can be produced by a few different cellular processes (including gly-
colysis, as mentioned previously), most NADH in the cell comes from the citric acid
cycle. Pathways that feed into the citric acid cycle include all of the previous path-
ways that produce acetyl-CoA, namely glycolysis (after pyruvate is converted into
acetyl-CoA), beta-oxidation, and ketone body use. The citric acid cycle takes place
in the mitochondrial matrix. The outer membrane of a mitochondrion is perme-
able to small molecules, and both pyruvate and NADH pass into the intermembrane
space via facilitated diffusion through a large membrane protein. The inner mito-
chondrial membrane, however, is less permeable. Although pyruvate, fatty acids,
and ketone bodies move into the matrix via facilitated diffusion, the hydrolysis of
ATP is usually required to transport each NADH.

Acetyl-CoA is a coenzyme that transfers two carbons (from pyruvate) to the
4-carbon oxaloacetic acid to begin the citric acid cycle (also called the Krebs
cycle). During the cycle, two carbons are lost as CO,, and oxaloacetic acid is
regenerated. The citric acid cycle is called a "cycle" because the end product, oxa-
loacetic acid, is combined with acetyl-CoA to restart the series of reactions. Each
turn of the citric acid cycle produces 1 ATP, 3 NADH, and 1 FADH,. FADH,
acts similarly to NADH, as will be described.

Notice that the output given above is per turn of the citric acid cycle. Since each
glucose molecule is split in half, one glucose molecule powers two turns of the citric
acid cycle. This means that 6 NADH are made per glucose in the citric acid cycle,
compared to the 2 NADH made per glucose in glycolysis. A similar ratio exists for
beta-oxidation, which produces 1 NADH per two carbons versus 3 NADH in the
citric acid cycle. Only one ATP is made in the citric acid cycle, and it is made via
substrate-level phosphorylation, just like in glycolysis.

Regulation of the citric acid cycle is tied to the amount of NAD" available.
NAD" is generated by the oxidation of NADH by the electron transport chain. If
the electron transport chain is inhibited, such as due to a lack of oxygen, NADH
cannot be reduced to NAD". In this case, the citric acid cycle is inhibited and the
cell shifts its energy production toward anaerobic pathways. This is an example

Citric Acid Cycle

Acetyl CoA

Citric Acid
Cycle

During aerobic respiration, most ATP is
produced inside the mitochondrion.

Carbons are “lost as CO,” in

the citric acid cycle because a
carboxylic acid is undergoing a
decarboxylation reaction. This
reaction is discussed in the
Oxygen Containing Reactions
Lecture in the Chemistry Manual.
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Remember that the citric acid cycle
occurs twice for each glucose; once
for each pyruvate generated by
glycolysis.

To be used for energy, amino acids
must first be deaminated, after
which they can enter the citric acid
cycle as pyruvate or as one of the
citric acid cycle intermediates.
Nucleotides must also be
deaminated before entering the vv
cycle as an intermediate. Fats are
converted to acetyl-CoA, which can
then enter the citric acid cycle.

The electron transport chain can
be thought of as an assembly line.
Electrons are picked up at one end
and handed down the line to oxygen.

Another electron carrier, cyto-
chrome c, has a second function

- when it leaks out of the mitochon-
dria in the event of cellular damage,
it triggers apoptosis (cell death).

The electron transport chain

is fundamentally a reduction-
oxidation reaction. NADH loses
electrons (is oxidized) to become
NAD’. Oxygen gains electrons

(is reduced) to form water. This
is crucial to understand for the
MCAT®.

of the local metabolic effects discussed earlier in this lecture. Because of this close
connection to the electron transport chain, the citric acid cycle is considered to
be aerobic. NADH provides another source of regulation: the citric acid cycle
produces NADH, so if an excess of NADH builds up, the reactions slow down.

Note that acetyl-CoA is not the only substrate that can enter the citric acid
cycle. Some molecules can be modified to various citric acid cycle intermedi-
ates that can then enter the cycle. For example, amino acids come with carbon
backbones of varying lengths. After amino acids are deaminated in the liver, the
deaminated product may be chemically converted to pyruvic acid or acetyl-CoA,
or it may enter the citric acid cycle at various stages depending upon the length of
the carbon backbone. Glutamic acid, for example, has a five carbon backbone and
can be converted into the citric acid cycle intermediate a-ketoglutarate.

Metabolism of Proteins and Fats

' glycerol ‘
Tallala
22
G3P 0 o
Ol Fa | O
¢ g iaja

Pyruvic acid

Acetyl-CoA

/

ATP and the Electron Transport Chain

The electron transport chain (ETC) (Figure 3.11) is a series of proteins that car-
ries electrons from NADH to O,. These proteins include ubiquinone and cyto-
chromes, which are intermediate electron carriers in the electron transport chain,
They pick up electrons from NADH and transfer them to O,, which is reduced to
H,O. Remember that when any molecule gains electrons, it is reduced. When that
molecule gives them away, it is oxidized.

As electrons are passed along, protons are pumped into the intermembrane
space, establishing a proton gradient called the proton-motive force. As the pro-
tons diffuse back into the mitochondrial matrix along their electrochemical gra-
dient, they travel through ATP synthase, causing ATP to be generated. The
horizontal flow of protons causes ATP synthase to turn. As it turns, it combines a
phosphate group with an ADP to generate ATP. This mechanism of fueling ATP
production is called chemiosmotic coupling, an example of oxidative phosphory-
lation in the body. A net product of 2 to 3 ATP is manufactured for each NADH,
depending on whether an ATP was spent to transport NADH into the mitochon-
drial matrix. FADH, works in a similar fashion to NADH, except that FADH,
reduces a protein further along in the ETC series, and thus only about 2 ATP are
produced for each FADH,.

Oxygen is a key regulator of the electron transport chain. When it is present,
the electron transport chain runs as described above. When it is absent, there is no
acceptor to which the final electron carrier of the chain can pass its electrons. Asa
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result, the molecule remains in a reduced state. Eventually, the entire chain backs
up and NADH has nowhere to pass its electrons, so the citric acid cycle slows, as
discussed previously. The excess NADH also shifts the cell into anaerobic fermen-
tation, so NADH is converted to NAD" by the conversion of pyruvate to lactate.

Electron Transport Chain

Mitochondrial
matrix

NADH

NAD+

Succinate

FADH,

| FAD g

Fumarate

ATP synthase “

Notice that the intermembrane space has a lower pH than the matrix, due to
the buildup of protons.

You don’t have to memorize the names of the molecules or the enzymes of
the citric acid cycle except for the ones that are red and bold; however, you
should recognize them as being part of the citric acid cycle if they are pre-
sented in a diagram. Pay special attention to acetyl-CoA and ATP synthase.
Also know the difference between oxidative phosphorylation and substrate-
level phosphorylation.

Finally, you should definitely know the net products and reactants for
espiration:

Glucose + 0, — CO, + H,0
is reaction is not balanced)

is is a combustion reaction. Notice that the oxygen you breathe in does

not become CO,, although it is exchanged for CO, . Instead it becomes H,0.
Be sure you remember that the final electron acceptor is oxygen. This is why
oxygen is necessary for aerobic respiration.
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_ TABLE 3.1 > Molecular Accounting
You should know that aerobic

ATP 2 0 2 4 1 4

produces about 36 net ATF. You
should also know that 1 NADH

produces 2 to 3 ATP and that 1 NADH 2 2 4 10 3 30-2 = 28*
FADH, produces about 2 ATP. Know

how many NADH, FADH,,, and ATP FADH, 0 0 2 2 2 4
molecules are produced in each NET 36

turn of the citric acid cyclé, and
that one glucose produces two

S * The cost of transporting each glycolysis-produced NADH from the cytosol into the mitochon-

drion is one ATP.

3.8 |Metabolic Disorders

Disruption of the regulatory mechanisms involved in metabolism can lead to a
variety of metabolic disorders. Obesity is a metabolic disorder that has quickly
become one of the important medical problems of the twenty-first century. Body
mass index, or BMI, expresses weight compared to height and has traditionally
been used to define obesity, although it is an imperfect measure. Obesity is defined
as a BMI above 30. As of 2010, the CDC estimates that over one-third of adults
in the United States are obese. Obesity has been associated with increased risk of
heart disease, stroke, diabetes, and some types of cancer. The causes of and effec-
tive interventions for obesity remain elusive.

Over the past century, high-calorie foods have become more prevalent, and
lifestyles have become increasingly sedentary. However, the source of obesity is
more complicated than just eating more calories than are burned off during activi-
ty. Obesity is also influenced by genetics and the complex interaction of hormones
and metabolites in the body.

One of the best studied hormones affecting appetite is leptin, which interacts
with the hypothalamus to signal satiety, or a feeling of fullness. Obesity has been
associated with deficiency or lack of response to leptin, but obesity should not
be thought of as a leptin deficiency any more than it should be thought of as the
result of greater calorie intake than expenditure. There are hundreds of hormones
and molecules that regulate the drive to eat and the way the body processes food.

Weight loss is complex and involves multiple interrelated factors. Diets can be
modified to include healthier and lower calorie food, and lifestyles can be modified
to include more physical activity. However, sociological and psychological forces
often pull a person back into old habits. In the clinic, the approach to weight loss is
multifaceted, but usually centers on diet and exercise. Pharmaceutical companies
have begun to create drugs that can modify metabolic pathways, but determining
what pathways can be safely targeted with the result of meaningful weight loss has
remained difficult. In the future, medications may play a larger role in treatment,

but it is unlikely that they will ever be the entire solution.

The CDC recommends controlled calorie

intake, increased physical activity, and
improved eating behaviors. It looks like this
shopper is making good food choices.
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Questions 65 and 66 are based on the following
information:

The first reaction of glycolysis converts glucose into glucose
6-phosphate at the expenditure of one ATP. The full reaction
is shown, with thermochemical data below it.

Glucose + ATP — Glucose 6-phosphate + ADP

Glucose + Phosphate — Glucose 6-phosphate
AG =20.9 kJ/mol
ATP — ADP + P,
AG = -48.1 kJ/mol

Item 65

What is the AG of the conversion of one mole of glucose into
glucose 6-phosphate?

OA) -272kJ
OB) +27.2kJ
OC0C) -69.0kJ
O D) +69.0kJ

ifiiem 66
What is the expected range of the equilibrium constant, K?
OA) K>1
OB) K<1

OC) K=1
OD) K=0

Questions 67 - 72 are NOT based on a
descriptive passage.

ltem 67

Which of the following best describes the reaction of NAD"
to NADH?

OA) NAD' accepts a proton and is reduced to

NADH.
O B) NAD' donates a proton and is reduced to NADH.
O C) NAD' accepts hydride and is reduced to NADH.
O D) NAD" accepts hydride and is oxidized to NADH.

Egmes

The reaction that generates ATP from ADP and an inorganic

phosphate would be expected to have which of the following
values of AG?

OA) AG>0

OB) AG=0

OC) AG<0

O D) AG cannot be predicted without more information
about the reaction.

ons 65-72 of 96

Item 69

After electrons are passed from one protein complex to
another, the final electron acceptor of the electron transport
chain is:

OA) ATP.

O B) H,0.

O C) NADH.

OD) 0,.

Item 70

In a human renal cortical cell, the Krebs cycle occurs in the:

OA) cytosol.
O B) mitochondrial matrix.
O C) inner mitochondrial membrane.

O D) mitochondrial intermembrane space.

Item 71

As electrons move within the electron transport chain, each
intermediate carrier molecule is:

OA) oxidized by the preceding molecule and reduced by

the following molecule.

reduced by the preceding molecule and oxidized by

the following molecule.

O C) reduced by both the preceding and following
molecules.

O D) oxidized by both the preceding and following
molecules.

OB)

Item 72

Assuming that 2 ATP are consumed in moving NADH
from the cytosol to the mitochondrial matrix, and all other

conditions are optimal, how many ATP are produced per
glucose molecule?

OA) 18
OB) 32
OO0 36
OD) 38
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TERMS YOU NEED TO KNOW

Acetyl-CoA

Adenosine triphosphate (ATP)
Aerobic

Anabolism

Anaerobic

Apoptosis

ATP synthase

Beta-oxidation
Carboxypeptidase
Catabolism

Chemiosmotic coupling
Chymotrypsin

Citric acid cycle (Krebs cycle)
Cortisol

Cytochrome

Cytosol

Dynamic steady state
Electron transport chain (ETC)
Epinephrine

Fermentation

Glucagon
Gluconeogenesis
Glycogenesis
Glycogenolysis

Glycolysis

Inborn error of metabolism
Insulin

Ketogenesis

Ketone bodies

Le Chatelier's principle
Lipase

Lipoproteins

MCAT® THINK ANSWER

Mitochondrial matrix
Mitochondrial membrane
Obesity

Oxidative phosphorylation

NADH

Pentose phosphate pathway (PPP)

Products of citric acid cycle: 1 ATP, 3
NADH, 1 FADH,

Proton-motive force

Pyruvate

Saturated fats

Soluble electron carrier
Substrate-level phosphorylation
Trypsin

Ubiquinone

Unsaturated fats

When blood glucose is low, the body works to restore glucose to the blood.
The blood serves all of the tissues in the body as a glucose bank account
with a minimum balance requirement. When blood glucose levels drop, as
when a person is exercising or fasting, the hormone glucagon is released
and triggers both gluconeogenesis and glycogenolysis. Glycolysis backward
is called gluconeogenesis - rebuilding glucose from pyruvate. Glycogen is
broken down into glucose molecules in the process of glycogenolysis. Both
processes recreate glucose and send it back to the blood. Gluconeogenesis
(glycolysis backwards) occurs in any tissues where pyruvate is available to

recreate glucose. Newly synthesized glucose enters the bloodstream to bring
blood glucose back to homeostasis, making glucose available to other tissues
that may need it.

DON'T FORGET YOUR KEYS

1. Metabolic pathways move
toward either the storage or
production of energy.

2. Blood glucose levels regulate
systemic and intracellular
pathways.

3. NADH and ATP are the cell’s
energy molecules.
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LECTURE

Laboratory lechniques

4.1 Introduction

. 4.2 Separating Compounds
s1|Introduction 4.3 |dentifying Molecules: Spec
Understanding laboratory techniques is vital to success on the MCAT® and as a 4.4 Genetic Techniques
physician. Physicians must be able to interpret studies that utilize such techniques

in order to practice evidence-based medicine, and lab techniques are increasingly THE 3 KEYS

important in clinical practice as well. It is critical that physicians have the ability 1. Separation and puri-

to explain these techniques to patients and determine when they should be used. fication techniques use
Succeeding on the MCAT™ requires an understanding of the use and scien- chemical and physical

tific principles of certain laboratory techniques, which can be divided into three properties to isolate

categories: compounds.

1. Separations divide mixtures into their components based on intermolecular

. hg o mam Mam g _ 2. "Spec" techniques
forces and can be used for purification, identification, or collection.

identify unknown features
2. Spectroscopy and spectrometry provide structural information that can be of compounds.
used to identify compounds.

3. Genetic lab techniques
3. Genetic techniques have many clinical and research applications, including identify or manipulate

the isolation/identification of genes and the manipulation of DNA on the DNA to study or change
molecular level.

healthy and pathological
processes.

/ Familiarize yourself
/ with lab techniques

/ for two reasons. First,
they may appear in
questions testing basic
scientific principles.
Second, you will have a

\ better understanding

| ofthe experiments and

. conclusions presented

~in passages when

you understand the

| techniques used.




The sequence of an extraction

is key to the separation of
components. A weak acid or base
will bind only strong complements,
whereas a strong acid or base will
react with all (weak and strong)
complements. To separate multiple
components, the first extraction
uses a weak acid or base to extract
only the strong complements.

Then a strong acid or base is

used to extract the remaining
weak components. If the reverse
order was used, a strong acid or
base in the first separation would
react with all - strong and weak -
complements such that they would
be extracted all at once from the

organic to the aqueous layer, rather

than being sequentially separated
from one another.

Extraction

® Weak acid
@ Strong acid

® Weak base
® Stong base

Original
organic
layer

(« Mixture
K,CO; Amines COOH Phenol
strong bases weak bases strong acids weak acids
removed removed removed removed
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a2 |Separating Compounds

Separations are a variety of lab techniques that use intermolecular forces to sepa-
rate a mixture into its component parts. Certain separation techniques are better
suited for certain mixtures based on the particular properties of the compounds
in the mixture, and some techniques can provide quantitative information on
a mixture's components. Compounds can be separated according to solubility,
melting point, boiling point, or any other physical property that causes two sub-
stances in a mixture to behave differently from one another. Unique terminology
is assigned to each type of separation: extraction, distillation, crystallization, and
chromatography.

Extraction

Extraction is a separation technique based on solubility. The principle underscor-
ing this technique is that “like dissolves like.” Extraction involves two immiscible
(not mixable) phases, most commonly an aqueous layer and a less dense organic
mixture. As shown in Figure 4.1, these two layers have different polarities and
thus are immiscible. The following steps are used to perform an extraction:

1. Add a weak acid and shake. The acid protonates strong bases in the organic
layer, making them polar and thus causing them to move to the aqueous layer.
The aqueous layer is separated and then washed with a base to neutralize the
added acid, leaving only the strong organic base(s).

HCl
Strong
acid
added




2. Add a strong acid and shake. The acid protonates weak bases in the
organic layer, making them polar. The polar bases dissolve in the
aqueous layer and are drained off. The separation is then washed
with a base to neutralize the added acid, leaving only the organic
weak base(s).

3. Add a weak base. The base deprotonates only the strongest organic
acids, making them polar enough to dissolve in the aqueous layer.
The polar acids are then drained off. The separation is washed
with an acid to neutralize the ddded base, leaving only the strong

organic acid(s). Fractional Distillation

4. Add a strong base. The strong base reacts with any weak acids that
— Thermometer

remain in the organic layer. The deprotonated acids dissolve in the
aqueous layer and are drained off. Finally, this separation is washed

Water out

with an acid to remove the added base, leaving only the weak
organic acid(s).
One commonly used extraction technique is called a phenol-chlo-

roform extraction, which can be used to separate nucleic acids from
cellular proteins.

Distillation )— Glass beads Water in

packed in
fractionating
column

Distillation is a technique used to separate compounds that have sig-
nificantly different boiling points. A solution of two volatile liquids
with boiling point differences of at least 20°C can be separated by
slow boiling. The compound with the lower boiling point (and thus

higher vapor pressure at a given temperature) will boil off first and

can be captured and condensed in a cool tube. Distillation can be used
to purify fresh water from salt water, or to increase the purity of an
alcohol-water mixture, among many other uses.

If a solution of two volatile liquids exhibits a positive deviation to
Raoult’s law, the solution will boil at a lower temperature than either
pure compound. The result will be a solution with an exact ratio of the
two liquids. Such a solution cannot be separated by distillation.

Fractional distillation is a more precise method of distillation that can
be used to separate liquids whose boiling points are fairly close togeth-
er. In fractional distillation, the vapor is run through glass beads,
allowing the compound with the higher boiling point to repeatedly
condense and fall back into the solution.

Crystallization

Crystallization is based on the principle that pure substances form crys-
tals more easily than impure substances (i.e. pure substances have
higher freezing/melting points). The classic example is an iceberg. An
iceberg is formed from the ocean but is formed from pure water, not
salt water. This is because pure water forms crystals more easily than
salt water. Crystallization is a very inefficient method of separation; in
other words, it is very difficult to arrive at a pure substance through
crystallization. For most salts, crystallization is an exothermic process.

During the process of freezing, most of the
salty impurities are frozen out of the iceberg.
This is an example of crystallization.




Many of these chemistry
techniques are also used in
pharmaceutical and biomedical
research, and therefore may
appear on the biology section of
the MCAT®,

Column and thin layer
chromatography separate
compounds by exploiting
differences in the polarity of their
molecules.

Chromatography

Chromatography can be used to purify a compound from a mixture and/or to
identify the ratio of compounds in a mixture. It is the separation of a mixture by
passing it over or through a matrix that adsorbs (binds) different compounds more
or less strongly according to their properties, ultimately altering the rate at which
they lose contact with the matrix. The mixture is usually dissolved into a solution
to serve as the mobile phase, while the matrix is often a solid surface. By adsorbing
compounds from the mixture, the matrix surface establishes the stationary phase.
The compounds in the mixture that have a greater affinity for the surface move
more slowly. Typically the stationary phase is polar, causing more polar com-
pounds to elute more slowly. Chromatography separates the mixture into separate
and distinct layers, one pertaining to each component of the mixture.

In column chromatography (Figure 4.3), a solution containing the mixture is
dripped down a column containing the solid phase (usually glass beads). The more
polar compounds in the mixture travel more slowly down the column, creating
separate layers for each compound. Each compound can be collected as it elutes
with the solvent and drips out of the bottom of the column. In general, grav-
ity drives the movement of the mixture in column chromatography. However,
one variant of column chromatography is high pressure liquid chromatography
(HPLC), in which the column and solution use an apparatus that puts the system
under high pressure.

Column Chromatography

Solvent continuously applied to columns

Mixture
to be
separated

Chromatography
column with
glass beads

Compounds are
eluted and collected

Compound 1 Compound 2 Compound 3

In paper chromatography (Figure 4.4), a small portion of the sample to be
separated is spotted onto paper. One end of the paper is then placed into a non-
polar solvent. The solvent moves up the paper via capillary action and dissolves
the sample as it passes over it. As the solvent continues to move up the paper, the
more polar components of the sample move more slowly because they are attracted
to the polar paper. The less polar components dissolve more easily to move up
the paper with the solvent. The result is a series of dots representing the different
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components of the sample, with the most polar near the bottom and the least polar Paper Chromatography

near the top. An Ry factor can be calculated for each component by dividing the
distance traveled by the component by the distance traveled by the solvent. Non-
polar components have an R factor close to one; polar components have a lower -
R factor. The R factor can be used to identify each component.

.—Solvent line

Component 1
Thin-layer chromatography is similar to paper chromatography except that a

coated glass or plastic plate is used instead of paper, and the results are visualized — Component 2

via an iodine vapor chamber.

— Mixture

o

Gas chromatography is carried out to
separate complex mixtures of compounds
into individual components, allowing the
composition to be analyzed and particular
fractions to be isolated.

In gas-liquid chromatography, the liquid phase is the stationary phase. The
mixture is dissolved into a heated carrier gas (usually helium or nitrogen) and
passed over a liquid phase bound to a column. Compounds in the mixture equili-
brate with the liquid phase at different rates and pass through an exit port as indi-
vidual components.

Other types of chromatography are particularly well-suited for the separation of
peptides and proteins. In size-exclusion chromatography, molecules are separated
by their size and sometimes molecular weight, often through gel filtration. In ion-
exchange chromatography, molecules are separated based on their net surface
charge. This form of chromatography utilizes cationic or anionic “exchangers”
that slow down the movement of charged molecules. Finally, affinity chroma-
tography uses highly specific interactions to slow down select molecules, rather
than simply separating out all molecules that have a particular property. Affinity
chromatography can make use of receptor-ligand, enzyme-substrate, and antigen-
antibody interactions, among others.
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Gel Electrophoresis

@ DNA (or RNA) fragments are
loaded into wells at the top of
the gel and an electrical
charge is applied.

~

@ DNA (or RNA) fragments of
different lengths migrate
different distances through
the agarose gel, forming
distinct bands.

Higher mass fragments

= — m— —

ot 4
/‘_"'_ _\
=22\

Lower mass fragments

The recipe for finding a piece of DNA
via gel electrophoresis and a South-
ern blot is:

1. Chop up some DNA;

2.Use an electric field (gel electro-
phoresis) to spread out pieces
according to size;

3. (Southern) blot it onto a
membrane;

4. Add a radioactive probe made
from DNA or RNA;

5. Visualize.

Separation and Purification of Nucleic Acids and Peptides

So far, this lecture has focused on separations of molecules that are fundamentally
different from one another, including separations of polar compounds from non-
polar compounds, volatile compounds from much less volatile ones, and so on.
But there are also techniques that can be used to separate very similar compounds
from one another, including different peptides or proteins, mixtures of nucleic
acids of varying sizes, or mixtures of enantiomers.

Mixtures of nucleic acids (DNA and RNA fragments) or mixtures of proteins/
polypeptides can be separated based on size and charge through gel electrophoresis.
In gel electrophoresis, the molecular mixture is placed in a gel, and an electric field
is applied.

Because nucleic acids are negatively charged, they migrate through the gel in
response to the electric field. Larger particles move more slowly, since the agarose
gel used for separation of nucleic acids forms a porous matrix and smaller pieces
can more easily wind through the pores. After applying the electric field for an
appropriate amount of time, nucleic acid fragments of different lengths will have
migrated different distances, forming distinct “bands” that can be visualized, usu-
ally after blotting, which is discussed below.

Proteins are too large to be separated by pores, so a different type of gel is used.
Normally, proteins in a mixture are denatured in the presence of a detergent
before they are placed in the gel. The detergent coats each protein with nega-
tive charge proportional to its length. When an electric field is applied, proteins
migrate at a rate proportional to their charge and length. Like nucleic acids, pro-
teins of a distinct size will be visualized as a “band” in the gel. Proteins can also
be separated via gel electrophoresis based on their isoelectric points, discussed in
the Acids and Bases Lecture of the Chemistry Manual.

In order to identify the size or quantity of DNA, RNA, or polypeptide pres-
ent in a band, gel electrophoresis is often performed with a “ladder” alongside. A
ladder is a mixture of DNA, RNA, or polypeptide fragments of known sizes or
quantities. The migration distances of the experimental mixture’s bands can be
compared against those of the ladder’s bands to determine approximate size. Simi-
larly, computerized visualization software can be used to compare the intensity ofa
band to the intensity of a known standard in order to approximate quantity. Bands
from the gel can also be isolated and purified for further study or manipulation.

Once gel electrophoresis has been used to separate molecules according to their
physical properties, particular nucleic acids or proteins can be visualized using
“blotting.” Blotting is a technique by which molecules are transferred from the
gel onto a membrane, maintaining the same spatial relationship of bands based on
size. This transfer to a membrane allows for easier manipulation or visualization
of the molecules.

Southern blotting is a technique used to identify target fragments of a known
DNA sequence in a large population of DNA. A Southern blot begins with DNA
that has already been cleaved and then resolved (separated) by gel electrophoresis.
The gel is first placed in a basic solution in order to denature the DNA fragments,
meaning that the double-stranded structure separates into single strands. Next, a
membrane, such as a sheet of nitrocellulose, is placed on top of or below the gel, and
the resolved, single-stranded DNA fragments are transferred to the membrane. A
labeled probe with a nucleotide sequence complementary to the target fragment
is added to the membrane. The probe hybridizes with and marks the target frag-
ment. The membrane is then visualized to reveal the location of the probe and
the target fragment. Traditionally, a radiolabelled probe was used, which required
membrane exposure to radiographic film. There are now other detection meth-
odologies available, such as fluorescence.
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A Southern blot identifies specific
sequences of DNA by nucleic acid
hybridization, and a Northern

blot uses the same technique to
identify specific sequences of RNA.

Southern blotting: A researcher transfers an electrophoresis gel containing DNA into a tray

of salt solution prior to blotting the DNA onto nitrocellulose paper. The purple dye shows how
far electrophoresis has progressed. Southern blotting is a technique used to reveal specific
fragments of DNA (deoxyribonucleic acid) in a complex mixture. The total DNA is cut into
fragments and separated by gel electrophoresis according to size. The DNA is then blotted
onto a sheet of nitrocellulose, and a radioactive DNA is probe added to the nitrocellulose. The
resulting banding pattern can be used to map the structure of particular genes.

A Northern blot is just like a Southern blot, but it identifies RINA fragments, not
DNA fragments.

A Western blot is used to detect a particular protein in a mixture of proteins.
Although some of the specific steps are different, the basic process of transferring
the resolved protein mixture from a gel to a separate membrane after electropho-
resis is the same as in Southern and Northern blotting.

While there are numerous ways to visualize a protein following a Western blot,
antibodies are commonly used. In this technique, an antibody (the primary anti-
body) specific to the protein in question is placed on the membrane. This primary
antibody will only bind to the protein of interest. Next, a secondary antibody-enzyme
conjugate is added. The secondary antibody recognizes and binds to the primary
antibody and marks it with an enzyme for subsequent visualization. The reaction
catalyzed by the enzyme attached to the secondary antibody produces a colored,
fluorescent, or radioactive reaction product that can be visualized.

The separation of enantiomers from a racemic mixture, called chiral res-
olution, is a particular challenge because enantiomers have almost exactly the
same physical and chemical properties. Generally speaking, there are three ways
to resolve enantiomers. The first uses differences in crystallization of the enan-

~ tiomers; in this case, direct visualization of the crystals can be used to separate
enantiomers. Second, there are a number of stereospecific enzymes that can be

~ added to a racemic mixture and will react with only one enantiomer in the mix-
ture, creating a compound that can be separated using the types of techniques
described previously. Once the altered enantiomer has been removed, the reaction
can be reversed to produce the pure enantiomer. Finally, enantiomers in a racemic
mixture can be converted into diastereomers, which have different physical and
chemical properties that can be used for separation.

Don't let separation techniques scare you. Just remember that you can use the
physical and chemical properties of different molecules to separate them from
one another. Start by identifying which property is being used, and then apply
what you know about those properties to help you answer the questions.
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These questions are NOT related to a passage.

Item 73

Which of the following is NOT true concerning gel
electrophoresis?

OA) Nucleic acids can be separated by size based on
migration through pores.

O B) Nucleic acids migrate through gel in the presence
of an electric field due to their negative charge.

O C) Proteins can be separated by size based on
migration through pores.

O D) Proteins can be separated based on isoelectric
point.

Item 74

Extraction is an effective method for separating compounds

that can be treated with an acid or base and made to differ in:

OA) boiling point.

O B) molecular weight.
O C) water solubility.
O D) optical activity.

Item 75

In order to isolate insulin from a protein mixture taken
from pancreatic beta cells of a mouse, scientists designed a
column coated with antibodies against insulin. Isolation via
this method can best be described as:

OA) high pressure liquid chromatography.
O B) ion exchange chromatography.

O C) size exclusion chromatography.

O D) affinity chromatography.

Item 76

In thin layer chromatography, polar compounds will:

OA) rise more slowly through the silica gel than
nonpolar compounds.

O B) rise more quickly through the silica gel than
nonpolar compounds.

O C) move to the left through the silica gel.

O D) move to the right through the silica gel.

Questions 73-80 of 96
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Item 77

Which of the following statements is (are) true concerning
separations?

I. Any two compounds with sufficiently different
boiling points can be separated completely by
distillation.

II. Crystallization is an efficient method of compound
purification for most compounds.
IIL. Distillation is most effective when it is carried out
slowly.

OA) Ionly

O B) Il only

O C) Iand Il only
O D) I and Il only

Item 78

Which of the following blotting techniques is (are) used for
nucleic acids?

I. Southern
II. Northern
III. Western

OA) Ionly
O B) Iland Il only
OC) Monly
OD) 1,11, and I

Item 79

Which of the following is NOT a valid method for separation
of a racemic mixture?

O A) Visualization of crystals

O B) Extraction via aqueous and polar phases

O C) Utilization of stereospecific enzymes followed by
separation

O D) Conversion to diastereomers followed by separation

Item 80 i

In gel electrophoresis, DNA fragments are separated
according to size. Which of the following is true of this
process?

O A) Positively charged DNA fragments move toward
the cathode.

O B) Positively charged DNA fragments move toward
the anode.

O C) Negatively charged DNA fragments move toward
the cathode.

O D) Negatively charged DNA fragments move toward
the anode.




43 | ldentifying Molecules: Spec

Spectroscopy

Spectroscopy is the study of the interaction between matter and electromagnet-
ic radiation (light). Different regions of the electromagnetic spectrum interact
differently with matter, providing different information about the structures of
molecules.

TABLE 4.1 > Spectroscopy Summary

Type of Spectroscopy Region of Electromagnetic Structural Information

| Spectrum | Provided
Nuclear Magnetic Radio waves Arrangement of carbon
Resonance (NMR) and hydrogen atoms
Infrared (IR) Infrared light Presence of functional
groups
Ultraviolet-Visible (UV-  Ultraviolet light and visible Presence of conjugated =
Vis) light systems

Nuclear Magnetic Resonance (NMR) spectroscopy is the study of the inter-
action between atomic nuclei and radio waves. NMR is most commonly used to
study hydrogen nuclei, but it can be used to study the nucleus of carbon-13 and
other atoms as well.

Nuclei with odd atomic or mass numbers possess a mechanical property called
nuclear spin. Hydrogen-1, for example, has an odd atomic and mass number. Car-
bon-13 has an even atomic number but an odd mass number. Both possess nuclear
spin. A spinning proton, like any other rotating sphere of charge, generates a mag-
netic field, in this case around the nucleus.

When subject to an external magnetic field, the field of a nucleus aligns either
with or against the external field. Nuclei whose fields align with the external field
are said to occupy lower energy o spin states. Those whose fields are aligned against
the external field are said to occupy higher energy P spin states. The stronger the
magnetic field, the greater the difference in energy, AE, between the two states.

As discussed in Lecture 1 of the Chemistry Manual, the energy of a photon is
equal to Planck’s constant times the frequency of the associated electromagnetic
wave: AE = hv. Photons whose energies are equal to the AE between the two spin The stronger the magnetic field,
states can cause nuclei whose spins are aligned with the external field to flip and the greater the difference in energy

between the a.and B spin states.

o and 3 Spin States

~ Protons without magnetic field Magnetic field applied to protons &
NI Y
L B
\ el / A
\ Pl
Magnetic field
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NMR and Magnetic Field Strength

Low energy state High energy state

Don’t be intimidated by unfamiliar
phrases like magnetic resonance and
nuclear spin. Protons and electrons
will behave just like any other type of
moving charge.

NMR Spectrum

align against it. Nuclei that have flipped to the B spin state are said to be in reso-
nance with the external magnetic field. When protons return to their original spin
states, they release electrical impulses that are detected by an NMR spectrometer.

In NMR, the frequency of the electromagnetic radiation is held constant while
the magnetic field strength is varied. In the absence of any electrons, all protons
absorb electromagnetic energy from a given magnetic field at the same frequency.
However, hydrogen atoms within different compounds or functional groups expe-
rience different surrounding electron densities and are also uniquely affected by
the magnetic fields of nearby protons. Electrons shield protons from the magnetic
field, so the external field must be strengthened for a shielded proton to achieve
resonance. Due to this effect, protons within a compound absorb electromagnetic
energy of the same frequency at different magnetic field strengths.

An NMR spectrum is a graph of the magnetic field strengths absorbed by the
hydrogen atoms of a specific compound at a single frequency. The field strength
is measured in parts per million, ppm, and, despite the decreasing numbers indi-
cated in the spectrum, increases from left to right. The leftward direction is called
downfield and the rightward is called upfield. All the way to the right is a peak
at 0 ppm. This peak represents the hydrogen atoms of tetramethylsilane, a reference
compound that is used to calibrate the instrument.

H,
cl }li cl
| |
=TT
H, c a d
T L} T T T T T T T I T T T T T I T T T T
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0
3 (ppm)
Downfield, unshielded <(mmmmmm—" ) Upfield, shielded
Low magnetic field  <(mmmm— seesssssmmmmp> High magnetic
strength field strength
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Very little specific information about NMR is required for the MCAT™. Most
importantly, remember that unless otherwise indicated, NMR is concerned with
hydrogen atoms. An MCAT® problem could provide an NMR spectrum and ask
which peaks belong to which hydrogen atoms on a given compound, or which of
four compounds would create the given spectrum. Answering this type of ques-
tion requires an understanding of the following principles:

* Each peak represents chemically equivalent hydrogens;
* Splitting of peaks is caused by “neighboring hydrogens.”

Each peak indicates one or a group of chemically equivalent hydrogens,
meaning hydrogens whose positions on the compound are indistinguishable by
NMR. Hydrogens that are chemically equivalent have the same chemical shift.
Chemical shift is the difference between the resonance frequency of the chemi-
cally shifted hydrogens and the resonance frequency of hydrogens on a reference
compound such as tetramethylsilane.

The area under a peak is proportional to the number of hydrogens represented
by that peak. The more chemically equivalent hydrogens, the greater the area. The
tallest peak does not necessarily correspond to the greatest area. The integral trace is
aline drawn above the peaks that rises each time it goes over a peak. The rise of
the integral trace is proportional to the number of chemically equivalent hydro-
gens in the peak beneath it. A newer instrument, called a digital trace, records
numbers that correspond to the rise in the line. The exact number of hydrogens
cannot be determined from the integral or digital trace. However, comparing the
values assigned to different peaks provides the ratio of hydrogens between peaks.

The position of a peak on the NMR spectrum is dictated by electron shield-
ing, so the positions of different groups of hydrogens can be predicted based on
the presence of electron-withdrawing and electron-donating groups. Electron-
withdrawing groups tend to lower shielding and thus decrease the magnetic field
strength at which resonance takes place. This means that hydrogens adjacent to
electron-withdrawing groups tend to have peaks downfield (to the left). Con-
versely, electron-donating groups tend to increase shielding and increase the field
strength required for resonance.

Splitting (also called spin-spin splitting) of a peak into several smaller peaks is
caused by neighboring hydrogens that are not chemically equivalent. A neighbor-
ing hydrogen is one that is bound to an atom adjacent to the atom to which the
other hydrogen is connected. The number of peaks due to splitting for a group of
chemically equivalent hydrogens is given by the simple formula n + 1, where n is
the number of neighboring hydrogens that are not chemically equivalent. Thus,
the number of neighboring hydrogens for a given peak can be determined by sub-
tracting 1 from the number of smaller peaks into which the peak is split.

Oxygen Containing

eactions
R; CHEMISTRY

Tointerpret proton NMR spectroscopy, follow these steps:
* ldentify chemically equivalent hydrogens.

* ldentify and count neighboring hydrogens that are not chemically equiva-
lent. Use n + 1 to determine the number of peaks created by splitting for
the chemically equivalent hydrogens.

* Ifnecessary, identify electron withdrawing/donating groups near the
chemically equivalent hydrogens. Withdrawing groups will move the signal
to the left; donating groups will move the signal to the right.

Aldehyde protons have a very distinctive shift at 9.5 ppm. Watch for it.

Ina rare situation, carbon NMR may also appear on the MCAT®. Remember,
the nucleus must have an odd atomic or mass number to register on NMR, so
carbon-13 is the only carbon isotope that would register. Treat carbon NMR
the same way as proton NMR, but ignore splitting.
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Of course, NMR can be more complicated than is described here. However,
the MCAT"™ would provide any additional information necessary to solve more
complex problems. Figure 4.9 presents an additional NMR spectrum that can be
used to test understanding. Before reading further, try to predict which hydrogens
belong to which group of peaks (see answer on p. 118).

NMR Spectrum with Integral Trace
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Another type of spectroscopy, IR spectroscopy, uses molecular dipoles to find
information about functional groups. A dipole exists when the centers of positive
and negative charge do not coincide. When exposed to an electric field, these
oppositely charged centers move in opposite directions, either toward or away
from each other. In infrared radiation, the direction of the electric field oscillates,
causing the positive and negative centers within polar bonds to move toward each
other and then away from each other. Thus, when exposed to radiation in the
infrared region of the electromagnetic spectrum, the polar bonds within a com-
pound stretch and contract, causing intramolecular vibrations and rotations.

Different bonds vibrate at different frequencies. When the resonance frequency
of the oscillating bond is matched by the frequency of infrared radiation, the IR
energy is absorbed. In IR spectroscopy, an infrared spectrometer slowly changes

Vibration of a Dipole

A QU 4 Dipole stretched
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the frequency of infrared light shining on a compound and records the frequencies
of absorption in number of cycles per centimeter, cm™. If a bond has no dipole
moment, infrared radiation does not cause it to vibrate and no energy is absorbed.

The most predictable section of the IR spectrum is in the 1600 to 3500 cm™
region. Figure 4.11 depicts the shapes and frequencies of absorption associated
with common functional groups, which should be known for the MCAT®.

Limited predictions about the vibration of a bond can be made based on the
masses of the atoms involved and the stiffness of the bond between them. Atoms
with greater mass resonate at lower frequencies. Stiffer bonds, such as double and
triple bonds, resonate at higher frequencies. Bond strength and bond stiffness fol-
low the same trend: sp > sp* > sp’.

An IR spectrum can help identify which functional groups are included in a
compound, but it does not reveal the shape or length of the carbon skeleton. How-
ever, two compounds are very unlikely to have exactly the same IR spectrum.
Thus the IR spectrum of a compound acts as a "fingerprint" for that compound.

IR Absorption of Common Functional Groups
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The MCAT® may require knowledge
of the IR spectra of certain
functional groups. The most likely
spectra that would be tested by
MCAT® are C=0, a sharp dip around
1700 cm”, and O-H, a broad dip
around 3200-3600 cm™.
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Many of the complex vibrations that distinguish one compound from a simi-
lar compound are found in the 600 to 1400 cm™' region, called the fingerprint
region. Figure 4.12 shows three sample spectra that include the fingerprint region.
Know where the fingerprint region is and why it is called the fingerprint region,
but use the higher frequency range to identify functional groups.

The fingerprint region of the IR
spectrum is unique for nearly every
compound, but it is very difficult
tointerpret. Know about the
fingerprint region, but use IR to
identify functional groups based

on the region from 1600 to 3500 Sample IR Spectra
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MCAT® THINK

So far, we've talked about how
the bonds in molecules absorb
infrared radiation of a character-
istic frequency. However, bonds
also emit radiation. The higher
the temperature, the greater the
amount of radiation emitted by
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bonds. Because cancerous tissue 4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 400 200
tends to be warmer than sur-

rounding tissue, medical imaging
professionals have suggested that
infrared radiation detectors could
be used to identify breast cancer.
This still controversial method
of detection is known as thermal
imaging, or thermography.

Wavenumber cm™

The ultraviolet region of the electromagnetic spectrum is much shorter than
infrared light, between 200 and 400 nm, and at a much higher energy level.
Ultraviolet (UV) spectroscopy detects conjugated systems (double bonds sepa-
rated by one single bond) by comparing the intensities of two beams of light
from the same monochromatic light source. One beam is shone through a sample
cell and the other is shone through a reference cell. The sample cell contains the
sample compound to be analyzed dissolved in a solvent, while the reference cell
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contains only the solvent. The difference in energy absorbed by the sample and the
reference is recorded as a UV spectrum of the sample compound.

The UV spectrum provides limited information about the length and structure
of the conjugated portion of the molecule. When a photon collides with an elec-
tron in a molecule in the sample, the photon may be absorbed, bumping an elec-
tron up to a vacant molecular orbital. These are typically m-electron movements
from bonding to nonbonding orbitals (1 — m*). Electrons in ¢-bonds usually
require more energy to reach the next highest orbital, so they are typically unaf-
fected by wavelengths greater than 200 nm. Conjugated systems with t-bonds, on
the other hand, have vacant orbitals at energy levels close to their highest occupied
molecular orbital (HOMO) energy levels. Such a vacant orbitals is called LUMO
(lowest unoccupied molecular orbital). UV photons can momentarily displace
electrons to the LUMO.

If a conjugated system is present in the sample, the measured intensity of the
radiation after passing through the sample will be lower than that of the reference,
due to absorption. The absorbance of the sample can be calculated as the loga-
rithm of sample intensity divided by reference intensity. Absorbance also equals
the product of concentration of the sample (c), the length of the path of light
through the cell (/), and the molar absorptivity (¢):

A= ecl

The rule of thumb for UV absorption
is a 30 to 40 nmincrease for

each additional conjugated double
bond, and a 5 nm increase for each
additional alkyl group.

Molar absorptivity is a measure of how strongly the sample absorbs light at a
particular wavelength. It can be thought of mathematically, as € = A/cl.

The longer the chain of conjugated double bonds, the greater the wavelength
of absorption. The rule of thumb is that each additional conjugated double bond

increases the wavelength by about 30 to 40 nm. An additional alkyl group attached P T W
to any atom involved in the conjugated system increases the spectrum wavelength Isolated Conjugated

by about 5 nm. Isolated double bonds do not affect the absorption wavelength.

UV spectra lack detail. Samples must be extremely pure or the spectrum is
obscured. Figure 4.13 shows the UV spectrum of 2-methyl-1,3-butadiene dis-
solved in methanol. The methyl group increases the absorption wavelength slight-
ly. The methanol solvent makes no contribution to the spectrum. Spectra are typi-
cally represented by lists rather than being printed. The spectrum below would
be listed as:

Amax = 222 nm e = 20,000

Carbonyls, compounds with carbon-oxygen double bonds, also absorb light in
the UV region. For example, acetone has a broad absorption peak at 280 nm. In
this instance, unshared pairs of electrons are excited into a nonbonding m-orbital

(n—> 1t*).
UV Absorbance of 2-methyl-1,3-butadiene
Keep your spectroscopies straight!
1.0 1 NMR deals with the magnetic
i spin of hydrogen or carbon nuclei;
B8 IR spectroscopy deals with the
] 6.7 P L way IR light causes bonds with
.'E 8.2 | CH,— CH,—C=CH, dipoles to vibrate and rotate; and
5 0'4 | | UV spectroscopy deals with the
3 ol | CH, way UV light affects electrons in
b O. 2 i conjugated systems.
0.1+
04
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Mass Spectrometer

A mass spectrometer ionizes and fragments
molecules in a sample, and then fires

the fragments through a magnetic field.

The amount that the fragments deviate is
indicative of their mass and charge. This
deviation provides detailed information
about the sample’s composition. A mass
spectrometer is shown in the photo above.

If a compound has eight or more double bonds, its absorbance moves into
the visible region of the electromagnetic spectrum. [-carotene, a precursor of
vitamin A, has 11 conjugated double bonds. B-carotene has a maximum absor-
bance at 497 nm. Electromagnetic radiation of 497 nm has a blue-green color.
Because carrots contain B-carotene, they absorb blue-green light, giving them
the complementary color of red-orange. Structural changes in a compound can
push its absorbance into the visible region; this is the mechanism behind the use
of indicators in titrations.

Mass Spectrometry

By contrast to spectroscopy, which studies interactions between matter and elec-
tromagnetic radiation, spectrometry is the study of interactions between matter
and energy sources other than electromagnetic radiation. Mass spectrometry is
used to determine a compound’s molecular weight, and, in the case of high resolu-
tion mass spectrometry, its molecular formula.

In a mass spectrometer, the molecules of a sample are bombarded with elec-
trons, causing them to break apart and to ionize. The largest ion is the size of the
original molecule but has one less electron. This cation is called the molecular ion.
If methane were the sample, the molecular ion would be CH,".

After a molecule is broken apart, the ions are accelerated through a magnetic
field. The resulting force deflects the ions around a curved path. The radius of cur-
vature of their path depends upon their mass to charge ratio (m/z). Most of the ions
have a charge of 1+. The magnetic field strength is altered to allow the passage of
differently sized ions through the flight tube.

A computer records the numbers of ions that arrive at the detector at different
magnetic field strengths as peaks on a chart. The largest peak is called the base peak.
The peak made by the molecular ions is called the parent peak. The parent peak is
made by molecules that did not fragment. Look for the parent peak all the way to
the right of the spectrum. Only heavy isotopes will be further right. All peaks are
assigned abundances as percentages of the base peak. In Figure 4.14, the parent peak
has an abundance of 10 because it is 10% as high as the base peak.

Heavy ions

Electron
beam

Sample
100+ Base peak
& 801
Parent peak

"": 60 made by
3 40 molecular ion
< 20 1 J/

0 T 4 ity T i T T T T

T 1
10 20 30 40 50 60 70 80 90 100 120 140
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These questions are NOT related to a passage.

Item 81

All of the following are true concerning NMR spectroscopy
EXCEPT:

OA) Protons are distinguished when they absorb
magnetic energy at different field strengths.

O B) “Downfield” is to the left on an NMR spectrum.

O C) Functional groups are distinguished when they
absorb magnetic energy at different field strengths.

O D) Delocalized electrons generate magnetic fields that
can either shield or deshield nearby protons.

Item 82

Which of the following structures is most likely to produce
the infrared spectroscopy result depicted below?

1.0
0.9
0.8
0.7
0.6

Absorbance
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T T T T T T 0.4
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Wave Number (cm™)

0OA) @)

H,C
CH,

Item 83

A carbonyl group will absorb infrared radiation at a
frequency of approximately:

OA) 700-900 Hz.

O B) 16301700 Hz.

O C) 2220-2260 Hz.

O D) 3300 - 3500 Hz.

Item 84

What are the predicted numbers of C"* NMR peaks for
methylcyclopentane and 1,2-dimethylbenzene, respectively?

CH3 CH?
CH;
Methylcyclopentane 1,2-Dimethylbenzene
0OA) 23
OB) 34
OQ) 44
OD) 53
Item 85

Researchers used NMR spectroscopy in an attempt to
characterize the molecule depicted in the inset below. Which
of the following are represented by the peak at ~3.6 ppm?

)]
A) O
H3C\)J\ D)
B) OCH,
60 ' 50 ' 40 | 30 20 ' 10 = 00

Chemical shift ( &, ppm )

OA) The “D” hydrogens
O B) The “C” oxygen
O C) The “B” carbon
O D) The “A” hydrogens

Item 86

Which of the following must be FALSE concerning a
molecule with a mass spectrometry parent peak of 1347

OA) It normally carries no net charge.

O B) It has a base peak at 15 m/z.

O Q) It has a molecular mass of 134 g/mol.

O D) Its most abundant isotope has a mass of 160 g/mol.




After analyzing both the products and reactants of a reaction,
a chemist notices that a peak at roughly 3400 cm™ has

disappeared from the product reading. The reaction type was
most likely:

OA) elimination.

O B) addition.

O C) hydration of an alkene.
O D) reduction of an aldehyde.

Which of the following would show absorbance in the UV
spectrum (200-400 nm)?

™0

OB
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H
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2.4 |Genetic Techniques

As noted in the Genetics Lecture, the scientific understanding of “genes” has
evolved greatly over the last several decades. This is in part due to the use of
genetic laboratory techniques. It is possible not only to isolate a gene and deter-
mine its function and origin, but also to manipulate it. A gene can be copied or
altered, or we can cause it to be over- or under-expressed and observe the effects
on the organism. Genetic techniques have a myriad of clinical, research, and ethi-
cal implications, and understanding them requires a strong grasp of basic biology
and biochemistry.
Broadly speaking, there are three types of genetic laboratory techniques:

1. Nucleic acid manipulation. DNA and RNA can be manipulated on a macro
or micro level. Techniques can be used to join two strands together, pry two

strands apart, chop one piece into smaller pieces, or join smaller pieces into a
larger piece.

2. Recombination and cloning. Many copies of the same piece of genetic
material can be created and put in new places or otherwise manipulated.

3. Sequencing and function. Techniques can be used to determine the exact
nucleotide sequence of a piece of DNA or RNA. Additionally, a piece of
nucleic acid that codes for a protein can be used to determine the function
of that gene or protein.

Nucleic Acid Manipulation

For a variety of reasons that will become clear later in this lecture, it is useful to
know how to manipulate nucleic acids. More complicated lab techniques require
the ability to convert DNA (or RNA) from 2 strands to 1 (and vice versa), as well
as to chop up one big piece into many little pieces (and vice versa).

When heated or immersed in a high concentration salt solution or high pH
solution, the hydrogen bonds connecting the two strands of a double-stranded
DNA molecule are disrupted, and the strands separate; the DNA molecule is said
to be denatured or melted. The temperature required to separate DNA strands is
called the melting temperature (T,,). Since guanine and cytosine make three hydro-

- gen bonds while thymine and adenine make only two, DNA with more G-C base
pairs has a greater T,,. Heating to 95°C (just below the boiling point of water) is
generally sufficient to denature any DNA sequence. Denatured DNA 1is less vis-
cous, denser, and more able to absorb UV light than double-stranded DNA.

Separated strands will spontaneously associate with their original partner
or any other complementary nucleotide sequence when not in a denaturing
environment. Thus, the following double-stranded combinations can be
formed: DNA-DNA, DNA-RNA, and RNA-RNA. This is called nucleic

“acid hybridization. Hybridization techniques allow scientists to identify

nucleotide sequences by binding a known sequence with an unknown
sequence.

Denaturing is going from 2 strands to 1 strand. Hybridization is going from
1 strand to 2 strands.

| enetiCS
@

You have to crawl before you can
run - in other words, you need to
understand basic manipulations
before mastering complex
techniques like PCR and cloning.

To denature DNA means to separate
the two strands of the double helix.

DNA prefers to be double-stranded
and will look for a complementary
partner.
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Recombination and Cloning

Recombination techniques take advantage of a method that bacteria use to defend
themselves from viruses: cutting the viral DNA into fragments using restriction
enzymes. Bacteria protect their own DNA from these enzymes through DNA
methylation (adding a —CH; group). Restriction enzymes (also called restric-
tion endonucleases) digest (cut) nucleic acid only at certain nucleotide sequences
along the chain (see Figure 4.15). Such a sequence is called a restriction site or
recognition sequence. Typically, a restriction site is a palindromic sequence four to six
nucleotides long. (Palindromic means that it reads the same backwards as for-
wards.) Most restriction endonucleases cleave the DNA strand unevenly, leav-
ing complementary single-stranded ends. These ends can reconnect through
hybridization and are termed sticky ends. Once paired, the phosphodiester bonds
of the fragments can be joined by DNA ligase.

There are hundreds of restriction endonucleases known, each attacking a dif-
ferent restriction site. Any sample of DNA of significant size is likely to contain a
recognition sequence for at least one restriction endonuclease.

In the laboratory, scientists take advantage of the fact that two DNA fragments
cleaved by the same endonuclease can be joined together regardless of the origins
of the fragments. DNA created by this method is called recombinant DNA; it
has been artificially recombined. Scientists can digest multiple pieces of DNA
with the same restriction enzyme and then “paste” the pieces together to make
a desired piece of recombinant DNA. This technology can be used to generate a
DNA library for the purpose of DNA cloning.

Recombinant DNA

108 EXAMKRACKERS MCAT® — BIOLOGY 1: MOLECULES




There are many reasons that 1t might be necessary to clone or
amplify a piece of DNA. Generally speaking, one copy of a piece of
DNA is too small to be useful in a laboratory. In order to sequence,
recombine, or manipulate the DNA, it is necessary to have many cop-
ies, which is achieved by gene cloning. Cloning itself is accomplished
either through bacteria and a cDNA library, or through polymerase
chain reaction (PCR).

Recombinant DNA can be placed within a bacterial genome using
a vector, typically a plasmid or sometimes an infective virus (Figure
4.17). The bacteria can then be grown in large quantities to form a
clone of cells containing the vector with the recombinant DNA frag-
ment. The clones can be saved separately to produce a clone library.

Not all bacteria will take up the vector, so a library may con-
tain some clones that do not contain vectors. Including a gene in the
original vector that lends resistance to a certain antibiotic makes it
possible to screen the clone library for bacteria that did not take up
the vector. The addition of the antibiotic eliminates clones without
resistance, which must not have taken up the vector. Since some vec-
tors will not take up the DNA fragment, some clones that do contain
vectors will have vectors that lack the recombinant DNA. To allow
screening for these clones, the lacZ gene, which enables the bacteria
to metabolize the sugar X-gal, can be included in the original vector.
An endonuclease with a recognition site that cleaves the lacZ gene
can then be used to place the DNA fragment into the vector. Since
the endonuclease cleaves the lacZ gene and the recombinant DNA
is inserted in the middle of the lacZ gene, the lacZ gene will not
work when the DNA fragment is placed in the vector. Clones with
an active lacZ gene turn blue in the presence of X-gal, while clones
with the cleaved form of the gene do not turn blue. Clones with
the DNA fragment will therefore not turn blue when placed on a
medium with X-gal.

Part of the screening process involves actually finding the desired
DNA sequence from a library. Hybridization can be used as a tech-
nique to find a particular gene in a library. A fluorescently or radioac-
tively labeled complementary sequence of the desired DNA fragment
(called a probe) is used to search the library. The labeled clones are
then identified. In the case of radiolabelling, the labeled clones expose
photographic film while the non-radiolabeled clones do not.

Eukaryotic DNA contains introns. Since bacteria have no mecha-
nism for removing introns, it is useful to clone DNA with no introns.
In order to do this, the mRINA produced by the DNA is reverse
transcribed using reverse transcriptase. The DNA product is called
complementary DNA or cDNA. Adding DNA polymerase to cDNA
produces a double strand of the desired DNA fragment.

To make a DNA library, take a DNA fragment, use a vector to
insert it into a bacterium, and reproduce that bacterium like
crazy. Now you have clones of bacteria with the DNA fragment.

¢DNA is just DNA reverse transcribed from mRNA. The great
thing about cDNA is that it lacks the introns that would
normally be found in eukaryotic DNA.

cDNA Synthesis

DNA with introns
(double strand)

e

Transcription

mRNA with introns
(single stranded)

Post-transcriptional processing

mRNA
(single stranded)

Reverse transcription

cDNA
(single stranded)

DNA replication

!

cDNA with no introns
(double stranded)
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FIGURE 4.17 | Clone Library
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0 Bacteria are plated onto medium with ampicillin and x-gal.

G Only clones containing the recombinant plasmid are able to grow in the
presence of ampicillin. Colonies that also contain the DNA fragment are
white because their lacZ gene is nonfunctional, preventing the breakdown of x-gal.

.

@ Identify clone carrying
gene of interest.

The cloning process isn’t perfect, so some bacteria in a library won't have the vector and some vectors won't have the
DNA fragment. To screen out these undesirable elements, the lacZ gene and an antibiotic resistant gene can be included in
the preparation of the clone. Also, when preparing the clone, a restriction enzyme should be used that will insert the DNA
fragment into the middle of the lacZ gene, causing it to be inactivated.
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A much faster method of cloning, called polymerase chain reaction (PCR),
has been developed using a specialized polymerase enzyme found in a species of
bacterium adapted to life in nearly boiling waters. In PCR, the double strand of
DNA to be cloned is placed in a mixture with many copies of two DNA prim-
ers, one for each strand. The mixture is heated to 95°C to denature the DNA.
When the mixture is cooled to 60°C, the primers hybridize (or anneal) to their
complementary ends on the DNA strands. Next, the heat resistant polymerase is
added with a supply of nucleotides, and the mixture is heated to 72°C to activate
the polymerase. The polymerase amplifies the complementary strands, doubling
the amount of DNA. The procedure can be repeated many times without adding
more polymerase because the polymerase is heat resistant. By contrast, a heat sensi-
tive polymerase would be denatured by the high temperature required to denature
the DNA. The result is an exponential increase in the amount of DNA. Starting
with a single fragment, over one million copies (2°’) can be produced by 20 cycles.
What used to require days with recombinant DNA techniques can now be done
in hours with PCR. Another advantage of PCR is that minute DNA samples can
be amplified. In order to use PCR, the base sequence flanking the ends of the
DNA fragment must be known so that the complementary primers can be chosen.

Because the amount of target DNA doubles in each cycle, PCR can be used
to quantify the amount of DNA in each cycle (and thus the amount of starting
DNA). This is called quantitative PCR (¢PCR) or real-time PCR. Most commonly,
gqPCR uses a fluorescent dye or probe that binds to DNA and measures its con-
centration each cycle.

Polymerase Chain Reaction (PCR])
@Loading | @ Denaturing ) @Annealing 1

Target DNA, primers, and heat Temperature is increased to Temperature is decreased and
resistance polymerase are placed separate target DNA strands. primers hybridize with target DNA.
into a PCR thermal cycler. 5 . 3
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Sequencing and Function

Given a piece of DNA or RNA, genetic techniques can be used to determine its
Sanger Method sequence, and correspondingly, what protein it will produce. It is also possible to
determine the function of that protein.

Although DNA sequencing was first performed in the 1970s, it has become
much more efficient and orders of magnitude faster. For many years, a chain-ter-
mination method called the Sanger method (Figure 4.19) was the main technique for
sequencing. In this method, DNA is repeatedly replicated in vitro, with research-
ers providing all the necessary reagents, including all 4 nucleotides, primers, and
enzymes. The researchers also add a small quantity of dideoxynucleotide (ddNTP)

LSS ddGTP | ddCTP

strand

¥pT AA AAA AAA AAAA  into the mix. Because of their structure, ddNTPs are incorporated into the grow-

=G CC IS CC NS ing DNA strand, but result in termination of replication (“chain-termination”)

=T AA AA AA AAAA = s ; ; : : :

e cc cc c ecce once incorporated. The chain termination method involves setting up four repli-

A T T T T TTTT cation tubes, each one containing one type of ddNTP (ddATP, ddTTP, ddCTP,
= A T T T FiE T and ddGTP).

=T A A A A A A For example, one tube would contain both adenine and ddATP. Each time
p

= A . ¥ TT  the DNA replicated and attempted to incorporate an adenine, there would be a

c GG G G chance that it would instead choose ddATP, resulting in chain termination. If this

= A i T i o 1k . -
- G G replication cycle was repeated many times over (as in PCR), there would be some
skg c DNA strands that terminated at every adenine. Similarly, there would be strands

terminating at every thymine in the ddTTP

Labeled G c A T Longer DNA fragments tube, every guanine in the ddGTP tube, and

;t::an:l SAS R e R mE AR IS;jdA every cytpsine in the ddCTP tube. Gel elec-
e g & L0 0 0 1 L8 hdlddc trophoresis could then be used to compare the
e L Lo b 0 1 011 0 1.1ddA relative lengths of the strands. With this gel, it
= C aeee LU L L L1 1 L.1ddC is relatively straightforward to determine the
=T e sequence of the replicated DNA segment.

Q.
o
=

e More recently, rapid “next generation” DNA
- — L Ll L.1lddA : T :

. L 00 01447 sequencing methods have been developed using

EG L Shea L1l d4dG automated systems. One such example utilizes

=T sl L0l ddT fluorescence, with 4 differently colored mol-

=G [ — Ll ddG ecules attached to each of the four nucleotides.

¥kC PSR L ddc DNA is replicated in vitro with these “colored”

Shorter DNA fragments nucleotides. The new piece of DNA is thus col-
or-coded, and can be passed through a comput-
erized reader, which translates the sequence of

Automated Sequencing colors into a DNA sequence.

Nucleotides in DNA
are labeled using
fluorescence.

TAACCT TACTC CATAATG

Automated DNA sequencing machines ‘.» |

utilize capillary electrophoresis and

ultra-violet laser to detect fluorescent dyes. A computer interprets data from the sequencing
machines and determines the exact sequence
of nucleotides.
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Gene expression levels for any given DNA sequence can vary greatly depending
on cell type as well as intracellular and extracellular conditions. Analyzing gene
expression requires measuring the gene's downstream mR NA or protein product.
This can be done on a large scale through a DNA microarray or gene chip. A gene
chip compares the levels of mR INA between two different cells and/or conditions.
One of these microarrays may contain probes (small DNA sequences complimen-
tary to mRNA) for hundreds or thousands of genes.

To run a gene chip, mRNA from two different conditions (often the same cell
type before and after a stimulus) must be isolated. mR NA from the first situation
is labeled in red, while mRNA from the second is labeled in green. Both sets
of mRNA are then incubated with the same gene chip. Genes that are down-
regulated from situation 1 to 2 appear as red dots in the appropriate area of the
gene chip, since more red-labeled mRNA is present to bind to the probes. Like-
wise, genes that are up-regulated appear green. If a gene’s expression level remains
unchanged, there will be an equal amount of green and red mRNA, creating a
yellow spot on the microarray.

Gene Chip

Canceradie

- i
@ RNA isolated from cancer cells and healthy cells )

¥ ¥

I J | ol

mRNA mRNA
= B
@ Reverse transcriptase labeled with fluorescent nucleotides J
cDNA cDNA
“Red fluorescent probe” “Green fluorescent probe”
3) Probes mixed and hybridized with microarray ]

Strong signal from —
red fluorescent

probe

Weak signal from —

o
®C
(X X X X )
0000
190 00( |«
o _000

red fluorescent W
probe f

/@
Similar signal " (
from both Weak signal Strong signal
probes from green  from green

fluorescent  fluorescent : ;
probe probe Microarrays, or gene chips, show

which genes are active in the
cells being tested.
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In addition to examining gene sequence and expression, researchers are often
interested in determining gene function. There are a variety of ways that the
function of a gene can be determined. One method is to observe gene conserva-
tion or evolution among different species. However, more modern techniques
involve direct manipulation of genes. Some of these techniques involve observing
the results of a reduction or elimination of gene expression. Others allow observa-
tion of the results when a gene is over-expressed, or when the gene is expressed in
a cell, tissue, or organism in which it is not normally expressed.

A common method used to examine gene function is to create a genetic knock-
out, in which a target gene is deleted from the genome. Once the gene is knocked
out, cells can be analyzed for phenotypic changes, providing information about
the function of the gene that was removed. A knockout can refer to a cell line or
to an entire organism; the latter is termed a knockout animal. In order to make
a knockout animal, it is necessary to knock out the genes from gametes or from
embryonic stem cells and to grow the animal from a zygote. (Note that if the
gene to be knocked out is necessary for embryonic development, it will be impos-
sible to generate a true knockout animal.) As an example, a mouse model of diabe-
tes can be generated by knocking out the gene that codes for the insulin receptor.

Alternatively, gene expression can be reduced by the use of RNA interference,
or RNAi. RNAI is a naturally occurring biological process in which small pieces
of RNA bind to mRNA molecules, preventing their translation and/or marking
them for degradation. Scientists can exploit this process to block expression of
specific genes.

It is also possible to examine a gene’s function by causing it to be overexpressed.
One method is to alter the sequence of the gene’s surrounding DNA, such as by
increasing the strength of the promoter before a gene and thus increasing the
expression of that gene. Another method is to express the gene in a new cell line
or organism. For example, the gene that codes for the green fluorescent protein in
jellyfish can be placed in the genome of an organism from another species, which
then produces the protein and glows green.

MCAT® THINK

Manipulating genes in animals is one of the most common ways to create
animal models of human diseases. For example, deletion of certain genes
involved in cell cycle checkpoints can result in animals that are more prone

to cancer. These animals can be studied to help us better understand the

This photo shows a mosquito larva which disease pathogenesis and treatment options.
has had a green fluorescent protein (GFP)

gene, from a jellyfish, inserted into its
genome.

Practical Applications of Genetic Techniques

All of the aforementioned genetic lab techniques have a host of practical applica-
tions in medicine and research. They can be used to identify individuals by their
genetic code, treat genetic diseases, screen for carriers of genetic disorders, and
much more.

Restriction fragment length polymorphism (RFLP) analysis identifies individuals,
rather than identifying specific genes. The genomes of different individuals pos-
sess different restriction sites and varying distances between restriction sites. In
other words, the human population is polymorphic for their restriction sites. After
fragmenting the DNA sample with endonucleases, a band pattern unique to an
individual is revealed on radiographic film via Southern blotting techniques.
RFLPs (pronounced “riflips”) are the DNA fingerprints used to identify crimi-
nals in court cases.

The genome of one human differs from the genome of another at about one
nucleotide in every 1000. These differences have been called single nucleotide
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polymorphisms (SNPs). Like RFLPs, SNPs can serve as a fingerprint for an indi-
vidual’s genome.

One of the "holy grails" of medical research is curative treatment of genetic
diseases. One method used by researchers is human gene therapy. Gene thera-
py involves genetic manipulation of an affected individual’s DNA, in which the
defective allele of the gene is replaced by the wildtype, or correctly functioning,
allele. Theoretically, gene therapy can be accomplished by recombining the DNA
in all defective cells, such as with a viral vector, or by altering the genome of a
stem cell and letting it replicate in order to correct the deficit. Although there
have been some successes with gene therapy, it remains highly experimental and
at times has had dangerous side effects.

Genetic laboratory techniques can be also used for screening. Patients can be
screened to see if they have certain genetic disorders, and newborns are routinely
screened for a panel of genetic conditions. Potential parents can be screened to see
if they are carriers of a genetic disorder and if their offspring could therefore be
afflicted with the disease. A different type of screening involves antibiotic resis-
tance in bacteria, allowing for treatment with the proper antibiotics. Traditionally,
bacterial resistance screening was carried out by growing bacteria in a culture and
exposing them to antibiotics. However, genetic screening techniques are becom-
ing increasingly more common, as they are faster, cheaper, and at times more
accurate.

Another significant application of genetic techniques is in biometry, the use
of statistical methods to understand biological data. Biostatistical analysis can be
applied to a wide variety of biological inquiries. Currently, one of the major uses
of statistical analysis in biology is the attempt to better understand population
genetics. With the wide variety of genetic data now available, it is possible to study
population genetics on a large scale. The analysis of this data has had a powerful
impact on the field of medicine, allowing researchers to identify genes correlated
with certain medical conditions, as well as to better understand global health and
epidemiology.

Safety and Ethics of Genetic Techniques

New scientific advances have raised issues around the safety and ethics of DNA
technology. Some wonder whether it is ethical to alter the DNA of agricultural
plants, other animals, and even ourselves. One contentious issue is the use of
genetic modifications in agriculture, such as to produce a crop that is resistant to
environmental hazards. Others think it might be a “slippery slope” from genetic
screening of offspring to "designer babies," where parents could choose the sex
and desirable physical or mental attributes of their offspring. Many of the lab
techniques involve manipulation of embryonic stem cells, which leads to issues
surrounding the purported origins of life. There are also controversial discussions
related to gene patenting, biological warfare, and more. Modern advancements in
genetic techniques have come with a whole host of complex ethical implications.

Itis important to understand how every technique is done, which requires an
understanding of the basic science behind it, as well as why it is being done
orhow it fits into the larger picture of a complex technique. On the MCAT®,
many of these techniques, especially ones involving genetics, may be involved
inquestions about other topics, such as ethics, biostatistics, or safety.
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These questions are NOT related to a passage.

Item 89

In PCR amplification, a primer is hybridized to the end of a
DNA fragment and acts as the initiation site of replication
for a specialized DNA polymerase. The DNA fragment to be
amplified is shown below. Assuming that the primer attaches
exactly to the end of the fragment, which of the following

is most likely the primer? (Note: The N stands for any
nucleotide.)

5'-ATGNNNNNNNNNNNNNGCT-3"

OA) 5-GCT3’
O B) 5-TAC-3’
QO Q) 5-TCG-3
O D) 5-AGC-3

Item 90

Which of the following regarding restriction enzymes, such
as EcoRI and HindIII, is most likely FALSE?

OA) They are made by bacteria as a defense against
viruses.

O B) EcoRl is synthesized in the cytosol.

O C) They recognize sequences that read the same
forward and backwards.

O D) DNA cut by EcoRI easily joins to DNA cut by
HindIII.

Item 91

Which of the following best describes the molecule shown
and its effect on replication?

O=P—P—P—02 O Base

OA) There is no 3’ hydroxyl group, so a phosphodiester
bond will be unable to form and replication will
terminate.

O B) There is no 3’ hydroxyl group, so replication will
continue as normal.

O C) There is no 5° phosphate group, so replication will
continue as normal.

QO D) There is no 5° phosphate group, so a phosphodiester
bond will be unable to form and replication will
terminate.

Questions 89-95 of 96
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Item 92 i

Cystic fibrosis is an autosomal recessive trait resulting from
the dysfunction of a sodium chloride transporter protein.
Which of the following describes the best experimental
approach to developing a mouse model of cystic fibrosis?

OA) Take the human protein encoding the sodium
chloride transporter and express it in mice.

O B) Identify the mouse homologue of the sodium
chloride transporter and develop a knockout mouse.

O C) Identify the mouse homologue of the sodium
chloride transporter and feed the mice food laced
with RNAI for that protein.

O D) Identify the promoter for the mouse homologue of
the sodium chloride transporter and change it to a
weaker one.

Item 93 1

Starting with » copies of a gene, x cycles of PCR are
performed. How <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>